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Abstract

The interplay between quenched disorder and interaction effects opens the possibility in a closed
quantum many-body system of a phase transition at finite energy density between an ergodic
phase, which is governed by the laws of statistical physics, and a localized one, in which the
degrees of freedom are frozen and ergodicity breaks down. The possible existence of a quantum
phase transition at finite energy density is strongly questioning our understanding of the funda-

mental laws of nature and has generated an active field of research called many-body localization.

This thesis consists of three parts and is dedicated to the understanding and characterization
of the phenomenon of many-body localization, approaching it from complementary facets. In

particular, borrowing methods and tools from different fields, we analyze timely problems.

The first part of the thesis is devoted to detecting the many-body localization transition and to
characterize both the ergodic and the localized phase it separates. Here we provide a character-
ization from two different perspectives: the first one is based on the study of local entanglement
properties. In the second one, using tools from quantum-chaos theory, we attempt to answer
the question of understanding time-irreversibility, and thus probing the breaking of ergodicity.
We analyze experimentally viable observables. Moreover, we propose two different quantities to
distinguish an Anderson insulating phase from a many-body localized one, which is one of the

issues in experiments.

The second part focuses on understanding the existence of a putative subdiffusive multifractal
phase. Analyzing the quantum dynamics of the system in this region of the phase diagram,
we point out the importance of finite-size effects, questioning the existence of this multifractal
phase. We speculate with a possible scenario in which the diffusivity and thus ergodicity could
be restored in the thermodynamic limit. Furthermore, we find that the propagation is highly
non-Gaussian, which could have an important effect on understanding the critical point of the
according transition. We tackle this problem also from a different angle. A possible toy-model
to understand many-body localization entails the Anderson model on a random-regular graph.
Also in the latter model the possible existence of an intermediate multifractal phase has been
conjectured. There, studying the survival return probability of a particle with time, we give a
new characterization of multifractal phases and give indication of the possible existence of this

phase. Nevertheless, we also outline possible caveats.

In the last part of this thesis we study the interplay between symmetry and correlated disorder
in a non-interacting fermionic system. We show another possible mechanism for breaking lo-
calization. In particular, we focus on studying information and particle transport, emphasizing

how the two types of propagation can be different.
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Part 1

Introduction



The deep relation between thermodynamics and probability theory allows one to de-
scribe extremely complex systems composed of a huge number of degrees of freedom by
the knowledge of only few thermodynamic parameters [119]. The resulting concept of
classical statistical physics is a self-consistent framework which is strongly based on the
underlying ergodic hypothesis [53, 119]. The ergodic hypothesis states that the time that
the system spends in a region composed by its allowed microstates is proportional to the
volume of the region. Moreover, the dominance in probability of “typical” microstates,

makes the laws of thermodynamics a very intuitive concept.

Indeed, nobody will expect to see particles going back to an atypical initial condition in
a generic classical system. Nevertheless, the applicability as well as the foundations of
statistical physics for a closed quantum many-body system are not well understood [40].
On the one hand, recent advancements of controlled experimental techniques suggest
that generic closed quantum systems can thermalize [78], in the sense that the local
degrees of freedom in the long-time limit can be described by the laws of statistical
physics. On the other hand, thermalization can fail in strongly disordered closed inter-
acting many-body systems [17, 62]. The discovery of a class of generic systems in which
statistical physics breaks down questions our understanding of the fundamental laws of

nature.

The breaking of ergodicity is intimately connected with the phenomenon of Anderson
localization, in which non-interacting quantum particles subjected to a disordered po-
tential can be localized due to destructive interference [9]. Whether interactions will
delocalize the particles, and thus restore ergodicity, has puzzled physicists for many
decades, culminating in the discovery of a new type of quantum phase transition, which
may occur also at finite energy density [17, 62]. Indeed, the interplay between interac-
tions and quantum interference due to the presence of a disordered potential can drive
the system into a transition separating an ergodic phase, in which a mechanical statis-
tical description is possible, and a localized phase, in which its degrees of freedom are

frozen and ergodicity breaks down.

In the last few years many attempts have been undertaken with the aim of understating
and characterizing this transition, hence generating a fast moving field called many-body
localization (MBL) [106]. Furthermore, this result, besides questioning our understand-
ing of the applicability of statistical physics, is drastically changing the perspective of
condensed-matter physics. Condensed-matter theory, traditionally focuses on under-
standing low-temperature properties. Hence, the possibility of a quantum phase tran-
sition at finite energy density is redirecting the attention to the study of highly-excited
states, and thus facilitating the development of new ideas and methods, including new

analytical treatments and new numerical techniques [77, 152, 153, 159]. Moreover, the



recent progress in experimental techniques in cold atoms and trapped ions provides for
a perfect playground to confirm and to stimulate new concepts, producing in less than

ten years of the discovery of MBL its first experimental evidence [24, 97, 129, 137].

Despite many efforts to characterize the two phases and to classify the transition, still
little is known about fundamental aspects of the problem [106]. Most of the difficulties
emerge due to the lack of powerful techniques to tackle interacting disordered systems
at finite energy density. Indeed, many of the standard methods both numerical and
analytical were developed to understand quantum phase transitions at the level of the
ground state. These methods fail badly due to the exponential growth in complexity of
the problem with system size. Furthermore, with the aim to solve the problem came
up many surprising results. For example the diffusive behavior expected in the ergodic
phase has not been confirmed by numerical simulations, rather a subdiffusive phase
composed by critical states has been found [15, 60, 94, 96, 132, 150]. Hence, MBL still

remains a changing unsolved problem.

The main aim of this thesis is to analyze the phenomena of MBL from complementary

different facets attempting to solve timely problems. This thesis is organized as follows:

In the first part (Part I), we introduce the main concepts and methods that we will use
throughout the thesis. In particular, in Chapter 1 we give an introduction of Ander-
son localization, focusing on models in hierarchical tree-structures and one-dimensional

lattices.

In Chapter 2, we introduce the concepts of thermalization in closed quantum many-body
systems. Here, we state and show numerical evidence of the eigenstate thermalization
hypothesis [40, 138], which is the most accredited theory attempting to explain ther-
malization in generic closed quantum systems. After that, we define the MBL problem
and report on several numerical characterizations of the highly excited quantum phase
transition. We give particular attention to the original idea of mapping this problem
to an Anderson localization model on a hierarchical tree-structure (localization in Fock

space). In Parts II-IV we present the results of the thesis.

In Part II, we focus on detecting the MBL transition and on characterizing both the
ergodic and the MBL phase. In Chapter 3 we focus on the study of local entanglement
properties. Here, borrowing tools from quantum-information theory, we demonstrate
how the quantum-mutual information can be efficiently used to detect the transition
and to uniquely describe the two phases. In Chapter 4, with the aim of characterizing
time-irreversibility in MBL systems, using tools from quantum-chaos theory, we give a
new characterization of the two phases. In both chapters we study only quantities that

in principle could be measured in an experimental setup. Moreover, we propose new



methods to distinguish a non-interacting Anderson phase from an MBL phase, which is

a rather timely and relevant issue.

In Part III, we study the possible existence of an intermediate phase which is neither
ergodic nor localized, but composed of critical states (multifractal), which give rise to
subdiffusive transport. Specially, in Chapter 5, studying the dynamical property of the
system we question the existence of this phase, showing that its apparent signatures could
be just a finite-size effect and proposing a possible alternative scenario. In Chapter 6,
we tackle this problem from a different angle. A toy-model to understand MBL systems
could be the Anderson model on a random regular graph [7, 41, 57, 82, 145]. Also for
this toy-model, an intermediate multifractal phase could exist [7, 41, 82]. Studying the
wavepacket dynamics we provide evidence of its existence. Moreover, we propose a new

method to characterize multifractal phases.

In the last Part IV, we investigate the interplay between correlated disorder and symme-
try for a new model of non-interacting fermions. We emphasize how this interplay can
lead to a delocalization-localization transition at a specific single-particle energy. We
study the non-equilibrium dynamics, showing that information can propagate slower

than particles.

Finally, in Chapter 8 we summarize the results of this thesis, underlining open issues

and proposing new possible research directions.



Chapter 1

Anderson Localization

Anderson Localization is a wave-phenomenon in which transport in a non-interacting
system can be suppressed due to the presence of a quenched disorder potential [9, 147].
The existence of Anderson localization for a quantum system is intimately connected
to the particle-wave duality in quantum mechanics [126]. A classical particle subject
to a random potential U(x) will have a different kind of propagation depending on its
kinetic energy, K. Indeed, if its kinetic energy is larger than U(z) (K > U(x)), the
particle will propagate through the system. Instead, if its kinetic energy is smaller
than U(z) (K < U(x)), the particle will be able only to visit a bounded portion of
the system and it will oscillate back and forth in this allowed region [86]. Quantum
mechanics changes drastically this scenario, where a quantum particle behaves like a
wave and it will be able to tunnel through also higher potential barriers than its kinetic
energy [126]. Nevertheless, at the same time, a part of it will also be reflected by small
potential barriers. The reflected and the transmitted parts of the wavefunction will
not only interfere constructively but also destructively. At first approximation, this
transmitted-reflected phenomenon will take place randomly and hence the motion of the
particle may be approximated as a random walker where the particle diffuses through
the system. Nevertheless, this expectation turns out to be incorrect in the presence of
strong enough disorder. Indeed, if the disorder is strong enough, destructive interference
will dominate the constructive one and the transport will be completely suppressed, even
if the kinetic energy of the quantum particle is larger than the disordered potential. This

phenomenon was for the first time discovered by P.W. Anderson in his seminal work [9)].

In this chapter, we will give an introduction to Anderson localization focusing on the

main results which are the conceptual backbone of this thesis.



1.1 The locator Expansion

In the seminal work of P.W. Anderson a tight-binding model is considered in a cubic

lattice subject to a random potential. The Hamiltonian reads

Rt 3 b0+ Db lx (L.1)

<xX,y>

|x) represents a state completely localized in the site x, {ux} are random variables
uniformly distributed between [—W/2,W/2] and the notation < x,y > indicates that
sites x and y are nearest neighbors. In the literature, the tight-binding model with
uncorrelated disordered potential is often referred as the Anderson model [51]. The idea
is to consider a particle initially localized in a site (without loss of generality, we will

take |0)) and calculate the return probability in time, defined by:
|Go.o(t)* = |(0]e~7]0)[%. (1.2)

If the system is localized, limz_,oo 1/T fOT 1Goo(t)|? > 0, since its amplitude does not
completely diffuse through the system. Nevertheless, at this point it is important to
underline that even if limp_ oo 1/T fOT |Go,0(t)|? > 0, the particle can propagate through
the system, since |Goo(t)|? is a local probe and it does not detect the propagation
outside the starting point. The last statement is connected to the fact that the system
can be only partially localized, in the sense that only for some energies the system is

localized [51].

Go,0(t) is the Green’s function in the space-time domain. However, to analyze the

problem better, it is necessary to consider it in the energy domain

dt
Gus (B) = [ 5re™Guy 1)

= —ilim [ dte BTG, (1) (1.3)

= (x|(E —H +i0")"|y),

where Gy y (1) = (x|e" |y,

The formal solution for Gx y(F) is given by

b} J
Guv(E) = =Y 4 Ixx1 Jx1y +..., (14
yE) =5 px (B — ux)(E Iy) t2 (B — px)(E — px, ) (E — py) (14)

X1

where we have defined the matrix elements Jx y, to be equal to J if x and y are linked

in the 3D lattice structure, but zero otherwise. The Green’s function can be rewritten
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FIGURE 1.1: The left-column shows the behavior of the imaginary part of the Green’s

function in the case in which the system is delocalized, while the right-column shows

the case in which the system is localized [116]. In the figure N is the volume of the
system.

defining the self-energy ¥y x(E)

1

gx7x(E) - B _ [ix — Ex7x(E)7

(1.5)

with

by (E) = i Z JX,X1 Jxl,x2 e an,x (1 6)
X, X = ‘ .
n=1x1,X2,...,.Xn#X (E - Mxl)(E - /"LXQ) s (E — Mxn)

Broadening the energy (E — E + in) with n > 0 to ensure convergence, the real part
of the self-energy (Re(Xxx(E + in)) gives a renormalization of the site energies {jix},
while the imaginary part of the self-energy (Im(YXxx(E + in)) determines the decay

of Go,o(t) with time. We have to distinguish two cases depending on the behavior of
Im(Xx x(E +in)):

1. If lim,0Im3go(E + in) exists and it is a regular function of E, then by the
Riemann-Lebesgue theorem

tgg go,o (t) — 0.

The return probability decays to zero with time and thus the system is delocalized.



2. A different possibility is that lim,_oIm¥go(F + in) is not a regular function of

FE. Let’s consider the case in which we truncate Eq. 1.6 only to second order in J

lim ImXg o (E + in) ~ — li = —7n.J? E—
Lim Tm 0,0(E +1n) im ] <Z>5( Py )5
X1

the sum } . y runs over the six neighboring sites of {0}.

-1
. . dE . J? —iFt —iEjt
= — _ — — — e . J
iGoo(t) = =lim [ o= | Edin—po =) g —| =3 G
(x1) J
(1.7)
where {EJ} € R are respectively the poles of the integrand function. In this case

|Go.0(t)|* does not decay and thus the system is localized.

At this point we find that if the system is localized, then lim, o Im3g o(E + in) must

have a non-regular part.

To get a better physical understanding, let’s define the local density of states

n(E,0) = |[¥i(0)]*6(E - a), (1.8)

l

where {¢;(x)} are the eigenstates of # (Eq. 1.1) with eigenenergies {¢}. The local

density of state is connected to the Green’s function by the relation [50]

1
n(E,0) = — lim —ImGg o(E + in).
n—0 7T ’

So far we have defined localization only considering the transport properties of the sys-
tem, nevertheless it will turn out (at least for this kind of systems with uncorrelated
disorder and without special symmetry [121]) that if transport is absent, then the eigen-
states of H (Eq. 1.1) are exponentially localized 1(x) ~ e~ *~Xocl/éoc wwhere xiq. is the
center of localization and & is the localization length. In other words, if the system
is localized then its eigenstates will have a finite support in space (~ &) which does
not scale with the volume of the system. On the contrary, if the system is delocalized,
then {¢;(x)} will be to first approximation, spread out in the entire system and their
‘2

amplitudes will be uniform |¢;(x)|* ~ 1/V, where V is the volume for a finite system.

Let’s consider a finite system of volume V', whose spectrum is always discrete

14
tiGoo(E-+ 1. V) = = 3 WO r— s (L9)



If the system is delocalized,

1%
1 n
I E+inV)~—— —_.
mGoo(E +in, V) ~ — Elj E i
Thus, for a finite system and for a finite n, n(E, 0) will be a sum (~ O(V)) of Lorentzians
with a height ~ O(1/Vn). In the limit V' — oo and n — 0 with V-n ~ O(1), n(E, 0) will
be a smooth finite function of E. Instead, for a localized system, in the sum of Eq. 1.9
contribute only energies such that the distance between the site 0 and the localized

center of the respective eigenstates is within the localization length

1 n
ImGo o(E + in, V) ~ — >
loc lzlxloc(l)|<§loc (E B el) + 77

In this case, ImGg o(E +in, V') will be sum of a finite number (~ O(&j.)) of Lorentzians
with height ~ O(1/&0cn). Thus, for a localized system, in the limit V' — oo and n — 0,
n(E,0) is not a regular function. Figure 1.1 [116] is a graphical representation of what
we have discussed, it shows the behavior of the imaginary part of the Green’s function
in the case in which the system is delocalized (left-column) and in which the system
is localized (right-column). Moreover, it is important to note that so far we did not
average over disorder configurations {ux}, indeed the average over disorder will wash
out the difference in Eq. 1.9 between extended states and localized states. Averaging
over disorder is equivalent to making an average over space in the limit V' — oo, it is
called self-averaging and it can be proved rigorously that for the imaginary part of the

Green’s function it holds [92], that

)
TG0 (E+in.V) ~ 3 3 3 G0 Gy ~ O(1/ V),
X !

where the overline indicates the average over the disorder configurations. The averaged
local density of states is always a smooth function regardless if the system is localized
or not. For this reason, to understand if the system is localized or not, one can not just
study the averaged local density of states, but one must also study the entire probability
distribution. Moreover, since ImGg o(E + in) o< Im¥g o(E + in), P.W. Anderson studied
the probability distribution of Im¥¢ o(E + in) [9].

Let Pg,(I') be the probability distribution of I' = —ImXg (£ + in). We have seen
that for a localized system, I" must not be regular (e.g., sum of delta-functions), which

implies that with probability one I' must be zero, so lim,_,o Pg,,(I" > 0) — 0.



10

In general, I" is a sum of Lorentzians, and with high probability (~ 1 — O(7n)), we have
I' = nJ?/W? (second order perturbation theory in .J/W), which implies

‘]—213 (J2/W?) ~ O(1) = Pg,(nJ*/W?) ~W?/(nJ?) “Typical-condition”

w2 e 2 n ypical-condition”.
Nevertheless, with a small probability O(n/W), the energy E is in resonance with an
on-site energy and so I' ~ J2/n

J2
~Pg,(J*/n) ~ O(n/W) = Pg,(J*/n) ~n?/(WJ?) “Rare events-condition”.
n
Moreover, we have seem that the average over disorder configurations of I' is always
finite (I' > 0) independently if the system is localized or not. Thus, its probability
distribution must have long-tail, so we can assume that Pg,(I") ~ 1/T'“. Matching the

“Typical” and “Rare” events conditions, we have

Ppy(L) ~ %\/n/Fi”- (1.10)

Furthermore, the imaginary part of the self-energy can be expressed using the so called

path-representation [92, 128]

2

ImEO(E + ”7) =" Z Apath + 0(773); Apath = H
path x;Epath

S
E— px,’

where the sum runs over all possible paths that start from 0 and that never return
back. Thus I' = nA, as n — 0 the only possibility to have a finite I' is that A diverges
in probability as the length of the paths goes to infinity. To analyze the probability

distribution of A, P.W. Anderson makes the following simplifications:

1. Only the center of the band is considered (E = 0).

2. The paths are statistically independent.

3. Only non self-crossing paths are considered.
Using these approximations and using a generalization of the central limit theorem in
the case in which random variables do not have a finite variance, it is possible to estimate

the probability distribution (P, (A)) of A with the restriction that A contains only paths
with fixed length n [9]
[evK In(1/v)]™ [evK In(1/v)]™

Py (A) ~ A2—1/mijy P —C Al-1/Inijv |’ (1.11)
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K is the constant that determines how many non self-crossing paths of length n ex-
ist (V. ~ CK"™) and v = J/W. Thus in the limit n — oo, if evKIn(1/v) < 1
limy, 00, P(A) — 0 and thus the system is localized. Instead, if evK In(1/v) > 1,
P,(A) diverges as n — oo and it is a sign that perturbation theory breaks down and

that the system could be delocalized. The critical value of W is determined by

eKJ W,
In—¢=1 1.12
Wy (1.12)

evKIn(l/v) =1=

It is important to note that this estimate for the critical value is an upper-bound, since
it is derived doing perturbation theory from the localized phase. In the second part
of his work, P.W. Anderson tried to remove the simplification of considering only non
self-crossing paths by introducing a cut-off on the probability distribution of the random
variables {px} (|ux| > (W) > 0 for E = 0) [9] in order to avoid resonant processes. By

introducing this cut-off, it is possible to obtain a redefined formula for the critical point

2KJ W,

A AD R A (1.13)

Recapitulating, P.W. Anderson proved that the tight-binding model with diagonal un-
correlated disorder has a transition between extended states and localized states in a
cubic lattice (localization-delocalization transition). Nevertheless, the assumption that
the paths are statistically independent is mathematically incorrect [142] and also the
introduction of the cut-off is difficult to motivate [1]. For this reason more than 10 years
later R. Abou-Chacra, D. J. Thouless and P. W. Anderson proposed a different approach

the so-called “self-consistent theory of localization”.

1.2 Self-consistent theory of localization

In 1973, R. Abou-Chacra, D. J. Thouless and P. W. Anderson in their work [1] proved
the existence of the localization-delocalization transition solving self-consistently a set
of equations for the self-energy. It can been proved that the self-energy can be expressed

in the following way [52]

_ JX7ny7x
BaB) =2 N
Y#X Ky Yy

Jx,sz,J,x
_ZZ Yy = 4o

25 (B — iy — S5 (B))(E — py — S09(E))

(1.14)

(xl 3 X2, xn)(E)

where Yx is the self-energy of the same system, but where the sites

(x1,X2,** ,X,) have been removed. Also the “reduced” self-energies {Eg,lc’XQ’mX")(E)}
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FIGURE 1.2: The figure shows a Bethe Lattice with K = 2,[13].

can be expressed likewise as in Eq. 1.15.

(x) Jyzay
Syy(BE) =) X T (1.15)
Z#£X,y E - Hy — ngiy) (E)

The main approximation is to consider only the first terms of these expansions

— Jx7ny7x
i Py
y#x Ky v,y

(1.16)
Jy 2,
Syy(E) = ERSCTr.
ZEX,y E - Mz — Z(z,iy)<E)
generally
Seew B =Y Prusa - (1.17)

ZFX1,  Xn—1 E— g — E;i(zl""’xn—l)<E)

Moreover, making the approximation that removing one site from the system does not

change the self-energy

o
Y x(E) = Xyeyx ) 1.18
x(B) ;E_Ny_xyyy(E) ( )

As we have already discussed, we have to study the probability distribution of the self-
energy. After a broadening of the energy £ — E + in

| Ty |*(E — py — ReSy v (E))
(E — py —ReXy y(E))? + (n + Inflz}hy(E))27

| Jxy (0 + ImEy  (E)) ‘
E — iy — ReXy y(E))? + (n + ImYy y(E))?

ReSyx(E) =)

y

ImYyx(E) =) (
y

(1.19)
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It is possible to find an integral equation for the joint probability distribution of ReXy x(E)
and Im¥x «(F) [1]. This integral equation for the joint distribution is too difficult to
be exactly solved for a generic system [1]. Nevertheless, there exists a case where the
approximations that have been done so far are justifiable [1, 128] and where this integral

equation can be solved. Namely, the case of Anderson localization on a Bethe lattice.

1.2.1 Anderson localization on a Bethe lattice

A Bethe lattice is a tree-like structure without loops with fixed connectivity (K), see
Fig. 1.2. This special structure being free from loops, makes the self-consistent approx-
imation in Eq. 1.15 an accurate assumption [1, 128]. Indeed, removing a point in the
graph does not modify its local and global structure in the limit of large K. Furthermore

Eq. 1.19 can be further simplified

K
1
ReX, o (E) ~ J? ,
+(E) ; E — py — ReXy y(E)
% (1.20)
—Im>», ,(FE
Imz‘%m (E) ~ J2 Z n m y,y( )

y=1 (B — py — ReXly y(E))*

In the last approximation, it has been supposed that the system is localized and thus
Im¥, ,(E) ~ O(n). Moreover, by neglecting ReX, ,(F) in Im¥, ,(E) since ReX, ,(E) ~
O(J?/W), {ReX; 2(E)}, and {ImX, ,(E)}, become independent random variables

K

ReS, o(E) ~ J2 )
y=1

1
E — iy — ReXy (E)’

. (1.21)
n—Im¥, ,(E)
Y, . (E) ~ J? § R —
y=1 (B — py)?

It is interesting to note, that the last approximation, which is valid only in a localized
phase, ensures that Im¥,, ,(E) is not an analytic function (Cauchy - Riemann equations),

which as we discussed, is one of the main ingredients to have localized states. Finally,

considering the case in which {4, } are uniformly distributed between [—W/2, W/2], we

have
1 w2 w/2 514+ ImS,,(E)
P(ImXq :/ dp P(%y / dugP(2g)6 [ ImZy — J2y  — 487
( ) Wk -W/2 (1) -W/2 (Ex) yZ::l (E — py)?
(1.22)

where we made the rescaling Im¥y — —nImYy. Note, that the double indexing in ¥q g

is dropped employing a single collective index ¥y. Tacking the Laplace transform (f(s))
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of P(Im%) to transform sums into products

o= [E s e

As we have already discussed, P(Im3) must decay as a power law (Eq. 1.10), P(Im3) ~
1/(Im¥p)®. It implies that its Laplace transform will have the form f(s) ~ 1 —
(constant)s”® for s < 1 and 3 = o — 1. The normalization condition for the proba-
bility distribution of ImX¥ ([ dImXP(ImX,) = 1) leads to the restriction 8 € [0,1/2].

Thus E+W/2
der 1
KJ2/3/ —— =1 1.24
w2 Wa?h (1.24)
Considering E = 0 (center of the band), we find the condition
K (20)%
(1—25) W

=1. (1.25)

We are looking at the lower value of W, such that there exists a 5 € [0,1/2] which
satisfies Eq. 1.25. It is possible to show that it satisfies the following [1] equation

W, W,
e _ oKelog —< 1.2
J €857 (1.26)

The last equation give an estimation for the critical value W, for the localization-

delocalization transition on a Bethe lattice.

Recently, V.E. Kravtsov et al. [82], removing the assumption of neglecting ReX, ,(E)

in Im¥, ,(F) (Eq. 1.20), refined the equation for the critical point W, finding
We W, 2J

2Klog— = — — —. 1.27

97 T 27 W, (1.27)

In this section we have shown that on a Bethe lattice a localization-delocalization tran-

sition happens. The approximate formula for the critical point W, (Eq. 1.27) turns out

to be a good approximation in the limit of K large. Nevertheless, the critical value for

K =2 (Fig. 1.2) using Eq. 1.27 is at W, ~ 17.6 for J = 1, what is in good agreement

with numerical simulations [41, 82].

The limiting case K = 1 (one-dimensional chain) is also exactly solvable and in the next

section, we will introduce the main tools used to analyze and solve this case.
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1.3 Anderson Localization in one dimension

In the early sixties, N.F. Mott and W.D. Twose [105], following the work of Anderson [9],
conjectured that in one-dimensional systems (K = 1) all single-particle eigenstates are
localized for any amount of uncorrelated disorder. This statement was given a mathe-
matically rigorous proof by M. Goldshtein et al. in the seventies [58]. Moreover, this case
is for us of particular interest, since many of the results that we will state (Chapter 3-7)

are for one-dimensional systems.

The Schrédinger equation for the tight-binding model (Eq. 1.1 with J = 1) in one-
dimension reads

- %—1 - wx—I—l + ,U/acwzc = E% (1‘28)

If the disordered potential is absent then the solution of Eq. 1.28 is given by
E =2cos(k), 1y~ A€ 4 Age™ ", (1.29)

The solution is a linear combination of plane-waves and thus the eigenstates are delo-

calized in space, in the sense that they are spread over the entire system. Eq. 1.28 can
—-F -1
Yr+1 _ Kz (o 7 (1.30)
wa: 1 0 ¢x—1
-F -1
A= , (1.31)
1 0

<¢“’C+1) = Ay Ay g Ay <¢1> . (1.32)
'QD:J: T,Z)O

<¢1> is the boundary condition of the Schrodinger equation. If the system is localized,
0

be solved recursively

defining

we have

we expect the eigenstates to decay exponentially fast in space 1), ~ e~%/loc It is possible
to prove that for a fixed energy E there exists a one dimensional vector space V C R2,
(1

such that if (
o

) € V then, for any amount of disorder, we have 1, ~ e~%/iec with

1
oo = — lim —log|[Az Ay 1 -+ A (1/}1) | >0 iff (%) ev, (1.33)
T—00 I ¢

0 0
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where we have introduced the norm of a vector ||v| = /|v1|? + |v2|?2. The one dimen-
sional vector space depends on the specific random configuration {y,}, the value of
{1;2 (self-averaging) does not and it depends only on the energy E. Moreover, since
det(A;) = 1 Vz, we have

0 0

- .1 (G . G
Sloe = Jim —log A Ay - Ay (1;) >0 iff <w1>§zv, (1.34)

The last statement means that for almost any choice of the boundary condition and
for a fixed energy F, the solution will diverge ¥, ~ e®/$lc. The last statement can be

reformulated in the following way
1
§ol(F) = lim —log||A;Ay,—1-+- A1] >0 with probability one (1.35)
T—00 I

Formally, ‘ffoi(E) is the Lyapunov exponent of the product of matrices {A,}. Moreover,
in the literature the method that we explained is called “transfer matriz technique”. We

will use this technique in several points in this thesis (Chapters 3,7).

The main theorems and assumptions which were used by M. Goldshtein et al. [58] to

prove that for any amount of uncorrelated disorder 51;(]5) > 0 are:

1. The matrices {A,} are independently and equally distributed.
2. The Oseledec-Ruelle Theorem (multiplicative ergodic Theorem) [118].

3. Fiirstenberg’s Theorem [56].

Nevertheless, there is a point in the proof that it is of particular interest because it shows
the generality of this theory. Moreover, this part of the proof is the only part where the
actual form of the matrices {A,} are used. In this part one needs to show that, there
exist at least an element in the matrix group constructed by the matrices {A,}7° that
acts as a contraction in a two dimensional sphere S'/{+, -} (v,w € St, v ~ w if v = +w

). Let’s consider the following element in the group

(1.36)

(AxAgl)n _ (1 n(/ﬁy - Mz)) 7

0 1

(AxAgl)” (1)1)
. V2 +1
lim — < 0 > . (1.37)

n—00 . vy
[(AzAy )" |
U2

with g # iy
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We have found an element in the group that contracts any elements in S!/{+, —} in
just one point. Furthermore, since it is the only point of the proof where the form of

matrices are used, it underlines two important points.

1. Any kind of uncorrelated disorder (also binary disorder p, € {Wi, Wa}) will give
a finite localization length (51_0(1: (E) >0).

2. The element (AzA; 17 does not depend on the energy E, what implies that
Eoe(E) > 0 VE.

Furthermore, a perturbative calculation shows that in the weak disorder limit (W < 1)

the localization length is given by [44, 80]

W2

Eioe (B) =
Nevertheless, numerical simulations show that the numerical prefactor for flgi(E =0)
is different, 5132 (E =0) = W?2/105 [44, 114]. The origin of this discrepancy is due to an

anomalous effect at F# = 0, in which second order perturbation theory breaks down.

Finally, it is important to note that the assumption that the matrices {A,} are statisti-
cally independent is fundamental. For example, if one considers the model with binary
disorder in which the random on-site energies {1, } appear in identical pairs

(121, foa1 s a2, a2, ---), then there are values of E for which §1_Oi (E) =0 [25, 48, 55].

1.3.1 Localization length and density of states

In the last section, we have introduced a technique to understand the behavior of the lo-
calization length in one-dimensional systems. In this section we show a relation between

the localization length and the density of states in one-dimensional systems [37, 65, 143].

Let’s consider a chain of length L and fix the boundary condition (Z1>, then the
0

solution 17, due to the recursive relation Eq. 1.32 is a polynomial of degree L — 1 of the

energy F
L-1 L-1
vi(B) = C [[(B; - B)=C ] |E; — Bl P, (1.39)
j=1 j=1

{E;} are the roots of ¢ (F) and 6(z) is the step function. Taking the logarithmic of
¥ (F) and dividing by L we have,

L1 . L-1
1 1 im 1
T logyr(E) = T ]21 log |E; — E| + T jgl 0(E — Ej) + 7 log C. (1.40)
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It can be proved that the roots {E;} are indeed distributed like the eigenvalues of the
system [65]. Thus, we can replace the sum in the limit of large L by an integral over the
density of states p(F) and taking the average over the disorder ( %log Y1 (E) is not self

averaging)

o0 E
llog Yr(E) = / dE'p(E")log|E — E'| + iﬂ'/ dE'p(E"). (1.41)

lim
L—oo L —00 —00
taking the real and the imaginary part, we have

§oe(B) = [ dE'p(E')log |E — E,

B (1.42)
1Im [th%o Tog ¢L(E)] = [E_dEp(E).

These relations are called the Herbert-Jones-Thouless formulae [65, 143]. These formulae
are general, in the the sense that they hold for any one-dimensional system, and we will

use them later in order to analyze several models (Chapter 7).

1.3.2 Landauer formalism

We have shown that for any amount of uncorrelated disorder in one-dimensional systems
(without special symmetry, and with finite-range hopping) localization occurs. In this
section, we show that this system describes a perfect insulator called the Anderson

insulator.

In 1970, Landauer [87] studied the conductivity of one-dimensional chains with disor-
dered potential. Let’s consider a one-dimensional chain of length L subject to a random
potential, in which the two ends are coupled to two reservoirs. Applying a small differ-
ence of potential AV between the two reservoirs, an electric current (j = intensity flux)
will flow through the system (without loss of generality, suppose that the potential in
the left-reservoir is higher than the one in the right). At zero temperature (7' = 0) the

difference in the electron density is given by

on

An =n(Ep + ¢AV) —n(Ef) = qeaiE 5
F

AV, (1.43)

where Ef is the Fermi energy and ¢. is the charge of an electron, moreover, for one-

dimensional systems g—g = (mop)~!

F
higher in the left part, the current will flow from left to right, and part of it will be
reflected with a rate R and part of it will be transmitted with a rate T, (R + T = 1).

, v is the Fermi velocity. Since the potential is
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Thus the difference in the electron density is given by

2Rj A
An = Y _ 4BV (1.44)
geVF TUR

giving the relation
AV
j= ‘J;TR . (1.45)

The conductivity G is defined as I/AV where [ is the current that has been transmitted
iT

-
gz T

==, 1.46

o T (1.46)

The idea is to relate the coefficient T' with the localization length &o.. Without loss

of generality, the point in the chain z € [0, L — 1] are the sites subject to the random

potential, while in the two reservoirs the wavefunction are given by

e = R fopeThT g — 1 2 .

injected  reflected (1 47)
e = teh® =L L+1,..

transmitted

where R = |r|? and T = |t|2. Using the recursive Eq. 1.32 with E = 2 cos(k)
z(L) = Ap—1AL—2 - Aoz(—1), (1.48)

where we have defined

teik(LA+1) 147
z(L) = , , z(—1) = , e 1.49
W= ) 0= (T i

Let’s note that ||z(L)|| o ¢, thus using Eq. 1.33
G~ [t]? ~ e 28/ e, (1.50)

As expected, the system being localized, G decays exponentially with L, and thus the

system is an insulator (Anderson insulator).

1.4 Aubry-André-Harper model

In an experimental setup (e.g., cold-atoms, trapped ions) [80, 97, 129, 137] it is not easy
to simulate systems with uncorrelated disorder, and usually some sort of correlation be-
tween on-site energies is present. Thus, whether the localization persists in the presence

of correlated disorder, is an important question that has been the center of intensive
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research [70]. Indeed, even with on-site disorder, where all single-particle eigenstates are
exponentially localized in one dimension [58, 105], correlations in the disorder can either
partially or completely destroy localization [38, 48, 70, 71, 85]. Nevertheless, there exists
a model defined in a one-dimensional lattice with a quasi-periodic potential (which can
be considered a kind of correlated disorder), in which a localization-delocalization tran-
sition occurs. Moreover, the system with this quasi-periodic potential can be simulated

in an experimental setup [97, 129].

The Schrodinger equation reads

— Yy_1 — Ypy1 + Weos 2rax)i)p, = Ehy, (1.51)

where W cos (2razx) is the quasi-periodic potential with o = 127‘/5 (Golden ratio), this
model is called Aubry-André-Harper model (AAH) [12]. We will study this model in dif-
ferent parts of this thesis (Chapters 3, 4). The AAH model has an important symmetry
the so-called self-dual symmetry. Defining {¢x} by

ww — Z ei27rak:x¢k’ (152)
k

the Schrodinger equation for the rotated wavefunctions {¢y} reads
w W
— 7¢k71 — 7¢k+1 + 2cos (2mak)pr, = Egy. (1.53)

At W = 2 the Schrédinger equation for {t¢,} and {¢y} are the same, this special value
of W is called the self-dual point. It is possible to prove that exactly at W = 2 the

system has a localization-delocalization transition.

&UE) >0, W>2,
UE) =0, W<2

In 1980, S. Aubrey and G. André proved an important property of the density of

states [12], which is a direct consequence of the duality transformation (Eq. 1.52)

pw (E) = payw (2E/W), (1.54)

where we added a sub-script W on the density of states to indicate the value of the

potential strength of the system. Finally, using the Herbert-Jones-Thouless formulae

(Eq. 1.42) we have
Eoew (B) = ooy CE/W) +log W/2. (1.55)
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Thus, since &0y, (B) > 0 and &0, 1y, (2E/W) > 0, we have for W > 2

Eioew (B) > log W/2. (1.56)

The last equation implies that the system is exponentially localized for W > 2, moreover,
it implies that its dual solution is extended (since it is its Fourier transform), thus
E ey (2E/W) = 0.

Epe v (B) = log W/2. (1.57)

In summary, the system is exponentially localized for W > 2 and extended for W < 2,

moreover the localization length {gi w (E) does not depend on the energy E.

1.5 Multifractal wavefunctions

We have seen that the eigenstates of a system in which disorder is present can be localized
or delocalized. We have described, that the delocalized wavefunctions span uniformly
the system, whereas the localized wavefunctions, are confined in a restricted region of

the system.

Nevertheless, at the critical point of an Anderson transition, the amplitude of the eigen-
states present strong fluctuations in space [51]. Indeed, at criticality the wavefunc-
tions are not extended (delocalized) neither localized, and they are called multifractal
wavefunctions. Multifractal wavefunctions are characterized by an infinite number of

exponents {7,}. Defining the generalized inverse participation ratio (IPRy)

1%
IPR, =3 [(@),  g¢>1, (1.58)
for a system of volume V', we have
IPR, ~ V™7, (1.59)

where the overline indicates the average over disorder configurations. The set of expo-

nents {7,} are usually parameterized by introducing the multifractal exponents {D,}
7q = Dg(q —1). (1.60)

If the system is extended (ergodic) D, = 1, while if the system is localized D, = 0. For

multifractal states D, is a non trivial function of ¢, and 0 < D, < 1. Moreover, one can
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also define the anomalous dimension exponents {A,}
Ta=(q—1)+Aq (1.61)

The most studied exponent is Ao, and it can be related to the behavior of the two point

correlation function [30]

N A2
VP~ () (162

where V, ~ (pw)~! with p the density of states.

Defining the probability distribution of the squared amplitude of the wavefunction

1 g leslu?
P<‘¢|2) ~ WV 1H/( log V )7 (1.63)

the {IPR,} (Eq 1.58) can be obtained by calculating different moments of the probability
distributions P(|t/|?). Indeed,

WQN/MVW”W. (1.64)
Evaluating the integral using the saddle-point approximation
IPRy; ~ VT, T4 = qa — f(a), q=f'(a). (1.65)

In other words, 7, is the the Legendre transform of the function f. The function f(«)

measure the fractal dimension of the wavefunction
#{x: [Y(a)? ~ VY~ V) (1.66)

For a completely ergodic system (|1(x)|> ~ V1), f(a) will be not regular function,
with f(a =1) =1 but f(a) = —oo otherwise. For multifractal-states f(«) is a convex

function, and its maximum is shifted to ag > 1.

In this section, we described the main definitions and tools to characterize multifractal
states. We will use this definition mostly in Chapter 6, where we will inspect the possible

existence of a multifractal phase in the Anderson model on a Bethe lattice.



Chapter 2

Many-Body Localization

In Chapter 1, we have seen that the presence of strong quenched disorder can localize
a non-interacting quantum system. Whether localization persists when interactions
between degrees of freedom are introduced, has been a fundamental question since the
time of the discovery of Anderson localization [9]. Indeed, the original motivation of
the seminal work of Anderson was to study interacting spin models [9]. During several
decades, this question has generated important debates and interesting directions of
research [5, 6, 54], without finding a definitive accepted answer. In 2006, D.M. Basko,
I.L. Aleiner and B.L. Altshuler showed in their seminal work [17] that the localized
phase is robust if a weak interaction is taken into account. Moreover, they also found
the existence of a new type of localization-delocalization transition, which occurs even
at finite energy density [17, 62]. The last result brought new emphasis, giving rise to a
new field of research called many-body localization (MBL) [106]. As we will describe,
this problem is intimately connected with the understanding of the fundamental laws
of statistical mechanics. Hence, shedding light on the MBL problem, could bring new

insights on the fundamental laws of nature.

The aim of this chapter is to give a self contained explanation of MBL, especially focusing
on recent results, which will be used later in the thesis. This chapter is organized as
follows. First, we explain the concept of integrability and non-integrability in closed
quantum many-body systems. Next, we give the definition of thermalization in closed
quantum systems. This topic is strictly linked with a conjecture called the “eigenstate
thermalization hypothesis” [40, 138], which is the most accredited theory attempting to
understand thermalization in closed systems from a quantum-mechanical perspective.
Second, we define what many-body localization means. In the last part, we collect

several results which underline different aspects of MBL.
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2.1 Integrable closed quantum many-body systems and

the concept of non-integrability

The aim of this section is to introduce the concept of (non-)integrability in quantum

systems.

A quantum many-body system is considered integrable, when it can be described by an
algebraic number in volume of commuting constants of motion and couplings between
them. Although, the exact definition of integrability in a quantum system is still under
debate, a review concerning possible definitions and caveats for different definitions
can be found in [28]. For many practical purposes, an integrable quantum system is
a non-interacting quantum system (its Hamiltonian is quadratic in the creation and
annihilation fermionic (bosonic) operators), or a system which can be solved using Bethe
ansatz [74]. Moreover, these systems are fine-tuned, in the sense that any generic random
perturbation will drastically change some properties of these systems (e.g., transport

properties).

In this chapter and in the next ones, we focus mainly on one-dimensional lattice models
with local Hilbert space of dimension two (e.g., fermionic and spin-1/2 chains). For this
reason let’s consider a generic one-dimensional lattice system of length L described by a
Hamiltonian H. Since A is defined up to an additive constant, we can consider the case
in which Tr[’l:[] = 0. The Hilbert space where H is defined is (C?)®L and its dimension is
D =2l Let {E,} and {|E,)} be the eigenvalues and eigenvectors of 4. We can always

construct L integrals of motion in the following way

723"2 = Zagz’EnﬂEn’ 1<j<L, (2.1)
n
with {(al,a?,--- ,al), - ,(aéL, agL, e ,aéL)} all possible sequences of length L com-

posed by {—1,1}. The following relations hold

~z2\t _ 4z ~2\3 _ a2z
(Tj )T =T;, (Tj) =Tj, (2.2)
[Azzvf—jz] =0, Vi, J,
and
[H, 7] =0. (2.3)

Moreover, it can be shown that the Hamilitonian # can be expressed in terms of
{77} [117]

ZL] ? j

¥ sz 2) nznz L ~AZaZ Az
H = Zbg )Ti + Z b 22 + e+ b§72)7'.7L7'1 Ty oo TT, (2.4)
i i<j
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where

1 1 Y~z 1 7
bV =5 THHA] = o7 Z Epa,

o 1 ) (2.5)
— AZAZ —
4 =5r THHFT) ZLZEGW
and generally
p(m™) iTr[HAZAZ T = iZE atal - -a” (2.6)
iaj’ »k 2L k1l — 2L n¥nn n: :

Therefore, any system can be expressed in the following way

L
L= Z Z bl(i)m, i %1Z1TZZ o '%l'zL‘ (2.7)

J1<io<-<ij

In other words, we constructed a function which assigns to any eigenstates {|E,)} a
sequence of {—1,1},
f(|En)) — (ak,a2,--- ,ak). (2.8)

n !n’ N

Thus,
" - (2.9)

It is important to clarify that the construction of f is not unique, and consequently the
choice of {77}. Once the function f is defined, we can construct an entire set of operators

which obey the Pauli-matrix commutation relations [126]: {77} and {%Jy }

[f'f‘,f'f] = i jeapyT] a,B,v € {x,y, 2}, (2.10)
where €43, is the anti-symmetric Levi-Civita tensor [126].

We say that the system is integrable (strongly-integrable) if there exists a map f and a
variable L (1< L< L) which does not depend on L, such that

L
D D D AR AT o (2.11)

J i1 <ia<-<i

We need to know only L constants of motion {77} and an algebraic number in L of
b ..

coefficients {b NN 11

} to describe the system.

Non-interacting quantum systems are included in the definition of integrable systems.
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For example, let’s consider a one-dimensional fermionic quantum many-body system

(e.g., the Anderson-model, or the AAH-model in Chapter 1)

H=> Q0 (2.12)
‘r)y

where {é;r} ({¢;}) are the fermionic creation (annihilation) operators ({éj, ¢j} = 6;; and
{é? = 0}) , and Q is a bounded symmetric real matrix (||| < 00,y = Q). Let

{#i1(x)} and {€} be respectively the single-particle eigenstates and eigenvalues
S Quytily) = ani(@). (2.13)
y

Defining the operators

= ax)el, (2.14)

we have:

H=> eifin. (2.15)
l

Thus, a non-interacting system is integrable in the sense of the above definition with

L=1.

2.2 Quantum Thermalization in closed quantum systems

In this section we define, what it means for a closed quantum system to thermalize.

Let’s consider a strongly interacting isolated (closed) quantum many-body system of
volume V. Isolated here means that the system is neither coupled to an external bath,
nor to a reservoir. The system is described by a Hamiltonian # and we are interested
in its highly-excited eigenstates, meaning that we will not just focus on its low-energy
properties, but rather on eigenstates that belong to a finite energy density. Let [¢)) be

the initial state in which the system is prepared. The density matrix is simply given by

p(0) = [4(0))((0)], (2.16)
and it is a pure state since p?(0) = p(0).

The quantum time evolution of the system is described by

iPD (g ), (2.17)
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whose solution is given by

pt) = U@)e(0))(w(0)[UT(2), (2.18)
which is also a pure state.

We are interested in the long-time dynamics of the system and aim to know if the system
will eventually thermalize or not. If the system thermalizes, then the local memory of the
initial state will be completely lost. In this case the long-time dynamics of the evolved
state will be described by an equilibrium statistical density matrix (Boltzmann density
matrix), which depends only on few thermodynamic parameters, like the temperature

T, chemical potential u etc..

1 (T e~ BHAUN+--)
lim lim ~/ dtp(t) » —————, (2.19)
T—yoo V—+00 0 7
Z is the partition function, § = 1/T and N is the particle-number operator.
It is important to give some remarks:
1. The definition requires
| | 1 Td e~ BHAUN+-)
im lim ||= tp(t) - —— || — 0. 2.20
Jim i (= [ a0 — (220)

It is called convergence in the strong sense.

However, the strong-convergence is usually a too strict definition. Indeed, two
density matrices could describe the same physical system even if the norm of their
difference is not zero. A less demanding convergence is called convergence in the

weak-sense

1 /T .
lim lim — / dt T [p“(t)A} STy
0

T—00 V=00

e~ BHAN+-)

7 A VA observable.

(2.21)
The weak-convergence is definitely more appropriate and more physical, since in

an experimental setup usually only local observables are possible to be measured.

2. In the definition that we have given (Eq 2.19), we used the grand-canonical en-
semble. Nevertheless, any other thermodynamic ensembles (i.e. micro-canonical,
canonical) will give the same results, due to the equivalence between ensem-
bles [119].
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3. We considered only time-averaged quantities, nevertheless it is also important that

the temporal fluctuations decay to zero in the thermodynamic limit

1 [T a1 /7 1\
lim lim —= dt | Tr AtA—~/ dtTr |p(t)A —0
T—>ooV—>O<>T/o 4] - 0 704] (2.22)
VA bounded observable.

4. The limits, V' — oo and T — oo should be taken simultaneously (i.e. V/T =

constant).

5. The temperature T is not a well defined concept in a closed system, in this case

T is the parameter which controls the energy density in the system.

Nevertheless, a pure state can never thermalize, indeed the solution of Eq. 2.17 is still
a pure state and a rank-one operator can not converge to a Boltzmann density matrix,
which has rank larger than one. From a physical point of view it is also clear that
the solution of Eq. 2.17 will always conserve the information about the initial density
matrix [106]. Indeed, a closed system is meant to thermalize, if “it acts as its own
bath” [40, 106]. The last statement means that the system will thermalize locally. Let S
be a finite portion of the system (it contains only a finite number of degrees of freedom),
tracing out all the degrees of freedom outside S (SC), we can define a density matrix

which acts only on the subsystem S

p(t) = Trg. [5(0)]. (2.23)

The support of the density-matrix pg(t) is S, and in general pg(t) is not a pure state.

We will say that a closed system will thermalize in the strong-sense if

(2.24)

1 T
lim  lim ~/ dtpg(t) — Trg.
0 A

T—00 S¢—00

o~ BN+ ) ]

The thermalization on the subsystem S can be defined also in the weak-sense (Eq. 2.21)

considering only observables A with support in S.

The thermodynamic parameters T', u, etc. are calculated by the set of equations
T[HpZ (T, 1, -.)] = (& (0)|H|(0)),

Te[NGZ(T, 1, ..)] = ($(0)[N[(0)),

T 5T, p,-)] = ($(0)] - [(0)).
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Let {|E,)} be the eigenstates of H with eigenenergies {E,}, then

= Coe " E,), (2.25)

the coefficients {C,,} are simply given by {(E,[1(0))}, thus the only information about
the initial state is encoded in {C),}. Let A be an observable with support in S

AW = WOLARE) = 36 A+ 3 GG BBt 220
n#m
with Ay, , = (En|A|Ey). If there are no special symmetries and thus no energy degen-
eracy, then

Tooo T

1 T
lim — / dEA®) = 3 [Cul2 A (2.27)

If the system thermalizes

D ICuP A & Ay, (2.28)

where A, is the expectation value of A at equilibrium (calculated with the Boltzmann
density matrix). It is important to add few remarks concerning the choice of the initial

state |1(0)) and on the choice of the subsystem.

1. The energy fluctuation must be sub-extensive in the number of degrees of freedom

in the system

OF = \/ 0)[#H2[4:(0)) — (W (0)|[H[1(0)2 ~ VT(E) v >0, (2.29)

where (E) = ((0)[H[4(0)) ~ V

2. We have taken the sub-system S in such a way that the degrees of freedom inside
S do not scale with the volume. This assumption could be relaxed as far as the

scaling of the degrees of freedom of S scale sub-linearly with the volume.

2.2.1 Eigenstate thermalization hypothesis

In the previous section we defined what it means for a closed quantum system to ther-
malize. In this section, we state the eigenstate thermalization hypothesis (ETH). ETH
is a conjecture on the structure of the eigenstates, which gives an explanation of ther-

malization in closed quantum system.
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2.2.1.1 Thermalization in Random Matrices

Before providing the precise statement of ETH, let’s consider the case in which the
system is described by a symmetric random matrix. In this case, the entries of the
Hamilitonian # are independent equally distributed random variables. For this special
case it is possible to prove that the diagonal elements of any observable A expressed in

the basis of the eigenstates of H are given by [45]

- 1
A=A+ E”Rn,n, (2.30)
where D is the dimension of the matrix #, 4 is the normalized trace of A (4 = STr[A]),
and {R,,} are sign-alternating independent random variables. Moreover, the coeffi-

cients {C),} (Eq 2.28) will be given by

eon S,

+77
VD D

and {S,} are distributed in the same way as {R,}.

Cp = (2.31)

— R — S, +cc.  —|Su2  |Su*R
a 2Ann ~A n,n A n Z10n n n,n 939
216 +Zn: o avm e T anp )0 B

n

since 3", Run ~ VD (central limit theorem), we have

S G P A = A+ 0 (D7), (2.33)

From Eq. 2.33 follows that any observable A will thermalize to the equilibrium value
A, defined as the expectation value of A at infinite temperature. Since the system is
described by a random matrix, its eigenstates are random vectors. Thus since all the
eigenstates are statistically equivalent, they must have the same weight in the thermod-
inamic ensemble (infinite temperature ensemble). In other words, the ensemble density

matrix will be proportional to the unity operator (peq = 1/9).

2.2.1.2 Thermalization in generic closed quantum many-body systems

In 1994, M. Srednicki gave an ansatz for the matrix elements of an observable A of a
generic quantum many-body system [138]. This ansatz goes under the name of eigenstate

thermalization hypothesis:

A = A(E)opm + e SE2fA(E,w) Ry, (2.34)
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where E = %, w = E, — E,, and S(E) > 0 is the entropy of the system which
scales with the volume (S ~ V) and {R,.,} are independent equally distributed sign-
alternating random variables. Furthermore, A and f4 are smooth functions of their
arguments and A = A, (Eq. 2.28). Since the off-diagonal elements of A (A, with
n # m) are proportional to e—S(E)/ 2 they are exponentially small in volume compared
with the diagonal elements. The last statement is an important property, indeed in
Eq. 2.26 we defined thermalization in the limit T tends to infinity. Formally, it means
that the time for equilibration Teq will scale exponentially with the volume Teq ~ eV,
since one needs to resolve the smallest difference between two eigenenergies (miny, ,,, |E,,—
E| ~ e™). Nevertheless, the time for equilibration is usually finite, and this could be
explained by the exponential suppression in volume of the off-diagonal elements of Ain
Eq. 2.34. Moreover, the exponential suppression of the off-diagonal elements dominate

the time-averaged fluctuations of A(t)

o1 T 1 [T ’
o= lim /0 A2 — <T /O th(t)> , (2.35)

0h = > 1CulPICu P Anml? < max|Apul? Y 1CmP|Cul? = max | Apul? ~ e 5.
m,nvm mn m,n mn

(2.36)
The time-averaged fluctuations are exponentially small in the number of degrees of
freedom in the system. The last scaling gives important information about the typical
value of the long-time dynamics of A(t). Indeed, when the system thermalizes, A(t) will
be close to the equilibration value most of the time. Nevertheless, it can be proved that

the fluctuations of the observable A (bounded) decay algebraically in volume [40],

§A = lim I/Tdt<w(t)|(A—A V2 h(t)) ~ VL (2.37)
5 T 0 €q : :

T—o00
2.2.1.3 Numerical evidence for the eigenstate thermalization hypothesis

In this section, we report some numerical results based on [40], which give strong evidence
that in non-integrable many-body quantum systems ETH holds. We start showing an
example that in integrable quantum systems ETH does not hold. In particular we
consider a non-interacting fermionic system, described by the Hamilitonian in Eq. 2.15,
in the case in which €2 is a bounded symmetric random matrix. Let |E,) be an eigenstate
of H, and it is specified by the occupation numbers (En|17;171|En> = al, with al, € {0,1},

l

. assumes the value zero if the single-particle mode with eigenvalue ¢; is non-

where a
occupied and one otherwise. Let |E;) = n}nm|En> be another eigenstate of 7, where

we assumed that the m(l)-mode is occupied (not-occupied) in |E,). Evaluating the
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FIGURE 2.1: The panels show the diagonal elements in the basis of the eigenstates for

two operators: 7 (k = 0) (First row) and K (Second row). The panels (a) and (d) show

the case in which the system is integrable (J' = V' = 0), while (b),(c),(e) and (f) the
non-integrable case (J' =V’ # 0) [40].

off-diagonal element of the local operator é;ém, we have
|(nléléxlm)| = |e1()dm ()], (2.38)

since {1} are the eigenvectors of the random matrix €2, |(E,|éhés|Es)| ~ O(1/L). Thus,
the off-diagonal elements do not decay exponentially in L as predicted by ETH.

Nevertheless, numerical simulations give strong evidence for the validity of ETH for a
large number of systems, ranging from strongly interacting fermionic (bosonic) lattice
systems to ultra-cold quantum gases [3, 19, 20, 104, 120, 127]. In the following, we
give few examples. Let’s consider a non-integrable one-dimensional system of hard-
core bosons with periodic boundary conditions, the Hamiltonian expressed in second-

quantization reads [40]

L
Ho= S { = T(blhya1 + he) + Vag — 1/2) (g1 — 1/2)

o (2.39)

— J'(blbjya + hec.) + V(i — 1/2) (a2 — 1/2), }

where {l;;}({l;j}) are the creation (annihilation) operators for hard-core bosons ([l;j, b;] =
d;; and {b? = 0}). The system is integrable if J' = V/ = 0 and non-integrable otherwise
(e.g., J'=V'#£0). The following local observables are considered:
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1. The momentum mode occupation operator
1 T
(k) = - > e i=Dplh;. (2.40)
i?j

2. The kinetic energy density operator
1L
K=7 > {=T(blbjar + hec.) — T (blbjs + hc.)}. (2.41)
j=1

Im_ (k=0) I
i 0 0.1 0.2 0.3 (b)
: 50

(a)

FIGURE 2.2: The panel (a) shows the matrix elements m,, ;(k = 0) for the integrable

case with L = 24 and for 100 eigenstates 1 < p,q < 100 with energy density close to

E/L = —0.16. The panel (b) shows m,, ,(k = 0) for the non-integrable (J' = V' = 0.32)
case with the same L, but with E/L = —0.19 [40].

Figure 2.1 [40] shows the diagonal element of 7 (k = 0) and of K in the eigenstates basis
of H as a function of energy density E/L. For J' = V' = 0 the system is integrable, and
we can notice (panel (a) and (d)), that the diagonal elements of the two local operators
are not smooth, and moreover the variance of the diagonal elements does not scale to zero
with increasing system size. In contrast, in the other panels J' = V'’ # 0 the system is
non-integrable, the diagonal elements are a smoother function of £/ L compared with the
integrable case. Furthermore, the curves become smoother with increasing the system
size (Eq 2.37). Figure 2.2 [40] shows for a fixed system size and for a fixed energy
density the matrix elements (diagonal and off-diagonal) of m(k = 0), the eigenstates are
labeled with the letters {p, ¢} and they have been sorted by energy values. The first
panel (Fig. 2.2 (a)) shows my,4(k = 0) for the integrable case (J' = V' = 0), where
it is visible that the diagonal elements 7, ,(k = 0) present strong fluctuations, as we
have already discussed. Moreover, the off-diagonal elements 7, 4(k = 0) with p # ¢ are
also affected by strong fluctuations, indeed there are some off-diagonal matrix elements
which have the same order of magnitude as the diagonal elements, giving evidence that

ETH breaks down. For the non-integrable case (J' = V' # 0), the diagonal elements
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are approximately constant. The off-diagonal elements are highly suppressed compared
to the diagonal ones as expected since they are proportional to an exponentially small
value in L (~ e™* (B)/ 2). Moreover, they do not have strong fluctuations, indicating that

their values depend only on the energy density.

2.3 Many-Body-Localization

We have stated ETH, which have used to show a possible explanation of thermalization
in closed quantum systems. In this section, we introduce the concept of many-body
localization (MBL).

MBL regards a class of closed interacting quantum many-body systems, which are robust
against weak perturbations [107] and do not thermalize (ETH does not hold) [106]. We
say that the system described by the Hamilitonian H is many-body localized, if there
exists a bijective map f between the eigenstates of 7 and the set of all possible sequences
of {—1,1} of length L (Eq. 2.8), such that the Hamiltonian can be expressed in the
following way 5
GED DD DR R SRR (2.42)

J i1<ia<--<ij
with {77} defined by f as in Eq. 2.9, crucially with

p) ~ o~ maxlia—igl/¢ (2.43)

11,82,-+585

The couplings {bgl), b ... ,bl(f)lL} couple only exponentially weakly the integrals of

7/7] ’

motion {77}.

Moreover, there is a set of L observables {/AL,} such that
[12117"21]] = 07 [Ala 72]0[} 7é 0 Vl,j Va € {xvyv Z}v (244')

and

1 L
QLTr[ffAj]‘ ~ e limille (2.45)
where the observables {7}, with a € {z,y}, have been constructed to satisfy Eq. 2.10.

The choice of the observables {/L} defines the space in which the system can be defined
to be localized. Indeed, the labels {i} could be connected with physical labels. For
example, they could be the site indices of the lattice and thus the observables {fll}
could be taken as local density operators {n;} for fermionic systems or as Pauli matrices

{67} for spin systems. In this case, we say that the system is many-body localized in
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space. Nevertheless, the labels {i} could also be the momentum indices and for example
{fll} could be taken to be the momentum density operators. In the latter case, we say,

that the system is many-body localized in momentum space.

The last point can be better explained with an example. Let’s consider the following

Hamiltonian

L
HO =" hio7, (2.46)
=1

{h;} are independent identically distributed random variables and L is the length of the
chain. This model is integrable and it can be easily diagonalized. Its eigenstates are just
the product states in the o*-basis. We could say that this model is trivially localized in

space.
What happens to the eigenvectors of H(© when the system is weakly perturbed 7

Let’s consider the following perturbation
L L-1
HOD =" yiof + > Ji6767, (247)
i=1 i=1

where {7;} and {J;} are independent identically distributed random variables. The
perturbed Hamiltonian is defined by

T = HO 4RO, (2.48)

with v > 0 the strength of the perturbation.

In 2016, J. Z. Imbrie, under minimal assumptions on the level energy statistics of H,
proved that for weak v (7 < 1) the system is still localized in space [68]. In the sense
that:

Jim o S TERES =1-005 v (2.49)

where the overline indicates the average over the disorder configurations.

max‘(En]Oin|En> - <En’OZ|En><En|OJ’En>| < 7|i7j‘/37 (2.50)

with probability 1 — (y#)1+(oelitil® where O, is any operator formed by the

product of 67 and &7.

As a consequence, we could say that the eigenstates of H for weak v < 1, are close to

the eigenstates of H(©).
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Moreover, in his proof J. Z. Imbrie defines a map f which connects the non-interacting
eigenstates of HO) with the eigenstates of H constructing a unitary operator U given by
the product of local unitary operators such that

Tty — () £z A P

UHU =" > b, 656565, (2.51)

7 <io<--<ij
and
7 =usidt,  [#7,H]=0. (2.52)

7

Recapitulating, for v < 1, the model is many-body localized in the real-space, meaning

1 .
Tr[%%f]‘ ~e s a8 e {a,y, 2. (2.53)

Furthermore, in many-body localized systems a weak form of integrability is restored.
Indeed, we could define a system as weakly-integrable if for any € > 0 there exists a map
f and a variable L(¢) (1 < L(¢) < L) which does not depend on L, such that

IH=Hpl < VL= L(e),

L(e)
; — () Az oaz Az
,HI:(E) B Z Z biii27~-,ij7—i17—i2 T Ty

Jo<io<<ij

(2.54)

with lim._.g f/(e) — 00.

Thus, many-body localized systems are weakly-integrable systems, nevertheless it is
important to point out that our definition of weakly-integrability also include systems
for which bg)m iy~ 1/ max i — ig|® with @ > 1+ ¢ for any § > 0 (power-law many-

body localized system).

2.3.1 Localization in Fock Space

As we have described in the previous section, J. Z. Imbrie constructed a map which
connects the eigenstates of HO) with the eigenstates of # via local small unitary op-
erations [68]. It underlines that the final eigenstates of 7 are adiabatically connected
with the eigenstates of H (¥ [18], in the same way that the localized eigenstates of an
Anderson problem are connected with the site states of the lattice system [67]. Indeed,
the original idea of mapping a non-extensive disordered quantum many-body system like
a quantum dot to a localization problem in the Fock space has constructed a fundamen-
tal link between Anderson localization on hierarchical tree structures and many-body

physics [6]. The MBL problem that we have described in the previous section, can be
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FIGURE 2.3: The Hamiltonian 7 (Eq. 2.48) can be mapped to an Anderson localization

problem in Fock space. The Figure shows a graphical representation of the Fock space

graph with L = 4 in which # can be mapped. Any point in this hypercube represents
a product state in the o*-basis.

mapped onto an Anderson localization problem on a hypercube. Without loss of gen-
erality, let’s consider the system defined by the Hamiltoninian A (Eq. 2.48). In the
limit v — 0, A is simply given by the sum of {6*} operators, and its eigenstates are
product states in the o?*-basis. Thus we can think of the o*-basis to be the sites of a
hypercube. Turning on the perturbation (7:1(1)) an effective hopping is introduced in
the hypercube. This is illustrated in Fig. 2.3, which shows the system with L = 4, the
number of sites is given by the dimension of the Hilbert space (D = 2%) and a point in
the hypercube represents a state in the Fock space in the o*-basis. The term ) j Y07
produces a hopping between different sites which differs by only one spin flip operation.
The connectivity of this graph scales as L and the on-site energies in the graph are
simply given by >, hja; + ), Jiaja;41, with a; € {—1,1}. Thus, # can be mapped onto
an “Anderson” model on a graph, in which the connectivity grows with L and in which
the on-site energies are correlated random variables with typical fluctuations of order
O(VL). However, the difference between the on-site energies that are directly linked in
the graph does not scale with L (~ O(1)).

One could ask if the system is localized in the sense of Anderson localization (Chapter 1)

on the graph constructed in the Fock space. D.M. Basko, [.L. Aleiner and B.L. Altshuler
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in their seminal work [17], demonstrated for a model of weakly-interacting disordered
fermions that the system is localized in the sense of Anderson localization in the graph
constructed taking the eigenstates of the non-interacting model. Remarkably, they also
proved that a delocalization-localization transition happens as a function of disorder
strength and energy density. This transition, which is called MBL transition, defines
two phases: an ergodic phase where the eigenstantes are delocalized in this Fock space
graph and are thermal, and a many-body localized (MBL phase) in which the system is
localized. Nevertheless, several works claim that a genuine localization in Fock space is
not possible, meaning that the eigenstantes are spread only on a sub-extensive portion

of the Fock space (e.g., ~ log®, D is the dimension of the Hilbert space) [18, 93, 95].

In the next section, we show numerical results based on the works [16, 31, 95, 110,
130, 149], which give evidence of the existence of the two phases and thus of the MBL

transition.

2.3.2 Numerical evidence of Many-Body Localization

The existence of a delocalization-localization transition has been confirmed in several

works, which also underline the ergodicity breaking in the MBL phase.

Due to the exponential growth of the Hilbert space with system size, most of the nu-
merical works focus on one-dimensional systems. The most studied model with an MBL
transition is the spin-1/2 Heisenberg model [31, 95, 110, 130, 149]

L L
7‘2 = thglz + Z JSZ . gi+1; (2.55)

where S; = {gf ,Sly , gf}, with 5*;1 = %&f‘, and {h;} independent random fields equally
distributed between [—h,h| and L is the length of the chain. The Hamiltonian com-
mutes with the total spin operator S%, = ZZL S? ([H,S%,] = 0), which implies the
conservation of the magnetization in the z-direction. This model can be mapped onto

the t-V spinless fermion chain via the Jordan-Wigner transformation [8]

. i—1 4t 4
At —am ST el e AT
j = e Zk k Cj?

>

- _ e+i7r2i*1 é;;ékéj7 (2.56)

I3

20 — 1.

<
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giving

o>
>

L
1

1 =1

. 1 R 1
A g — B 41 — 5/
i=1

In Chapters 3-5 we will use the Hamiltonian (Eq. 2.57) expressed in the particle lan-

(2.57)
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FIGURE 2.4: The panel shows r for several system sizes as a function of the disorder
strength h for the Hamiltonian H Eq. 2.55 [95].

guage.

2.3.2.1 Analysis of the level statistics

A powerful method to distinguish an ergodic phase from a localized phase is to study
the energy spectrum of 74 (Eq 2.55) [64]. The resistance to have crossing of levels
(level repulsion) is a well known property of ergodic systems. Indeed, motivated by
the Bohigas-Giannoni-Schmit conjecture [23] the statistic of level spacing of an ergodic
system is expected to be the same as that of a random matrix belonging to the same
symmetry class [64]. The probability distribution for the level spacing for random matri-
ces in the Gaussian Orthogonal ensemble (GOE) is the Wigner-Dyson distribution [64],
and thus we expect to find the same distribution in the ergodic phase. On the contrary,
in the localized phase, due to existence of (quasi-)local integrals of motion, the energy
levels will tend to cross each other (level-crossing). In this case, the probability distri-
bution of the level spacing is expected to be Poissonian [51, 64]. To distinguish these

two distributions (Wigner-Dyson, Poisson), it is useful to define the following quantity,
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known as level spacing parameter [107]

P = min(3™, 6H) / max(5™, 5 H),

(2.58)
6" = E, 1 — E,.

It is possible to prove that in the case where the probability distribution is the Wigner-
Dyson distribution, the average over the eigenstates index n of r is equal to rqog =~
0.5307, while in the case of level-crossing 7peisson = 210g2 — 1 ~ 0.3863 [107]. Fig-
ure 2.4 [95] shows the level spacing parameter (r) as a function of the disorder strength
h for several system sizes L for the Hamiltonian (Eq. 2.55). r has been obtained by av-
eraging over disorder and over eigenstates with a fixed energy density e which is defined
by € = (E' — Emin)/(FPmax — Fmin) (¢ = 0.5, middle of the spectrum). For weak disorder,
r &~ rgor indicating that the system is ergodic, increasing the disorder strength the
value of r drops monotonically to rpoisson Which for values h > 4.5 seems to be indepen-
dent of system size. The curves for different system sizes L cross each other at a value
around h. = 3.7, giving a strong evidence of a possible transition. Indeed, it is possible
to collapse the curves for different L making a finite-size scaling analysis with the use
of a scaling-function of the form g[L'/*(h — h.)], as shown in the inset of Fig. 2.4, with
v~ 0.91.

Nevertheless, recently it has been shown, that r can have the value rqog even if the
probability distribution of the level spacing is not the Wigner-Dyson distribution [83].
This is one of the reasons why only an analysis of the level spacing parameter (r) is not
sufficient to distinguish an ergodic from a localized phase. In the next sections we probe

the existence of the transition using different approaches.

e =0.5 v =0.80(4), he = 3.62(2)
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FIGURE 2.5: The panels show the renormalized with system size bipartite entanglement
entropy S/L (S in the figure) as a function of L for several disorder strengths h and
at energy density € = 0.5 [95].
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2.3.2.2 Eigenstates analysis

In the previous section we showed how to detect the MBL transition studying the spec-
trum of the Hamiltonian. In this section, we show a complementary analysis, which

consists in studying the eigenstates of Eq. 2.55.

We start with a probe borrowed from quantum-information theory [8]. This is the Von
Neumann entanglement entropy (EE), which measures the spread of information of one-
part of the system to the other. Dividing the system in two separated parts, the bipartite
EE is defined by

(2.59)

where A = ..., %] The reduced density matrix p; of eigenstates obeying ETH is
expected to be thermal, and the EE will scale with the size of the system S ~ L. For
localized eigenstates, we expect in one-dimensional system, that the EE will not scale
with system size S ~ O(1). Indeed, if an eigenstate is localized in the real-space, then
only closed by sites are entangled, hence the EE will scale only with the size of the
boundary of the region traced out, thus implying for a generic system in d-dimensions,
S ~ L3=L. Figure 2.5 [95] shows S/L (S /L in the figure) as a function of L for several
values of h averaged over disorder and over eigenstates in the middle of the spectrum
(e = 0.5). A clear change in the behavior of S/L, at disorder value h. =~ 3.6 is visible.
For h < h, S/L is almost a constant as a function of L, giving indication that S is
an extensive quantity. For h > h., S/L starts to decrease for large L implying that S
is at least subextensive, in contrast with ETH. A collapse of several curves is possible,
using a scaling-function of the form g[L'/¥(h — h.)], as shown in the inset of Fig. 2.5,

suggesting the existence of the MBL transition.

A similar behavior can be observed for the bipartite fluctuation of a subsystem [135],
which is defined by

F =(En|( Aj])2|En> - (<En|(‘§j])‘En>)2a
L2 (2.60)

=38

F measures the quantum fluctuations of the operator S‘% For a localized system, since
its degrees of freedom are frozen, we expect limy_, o F/L — 0, while in a thermal phase
F will be an extensive quantity. Figure 2.6 [95] shows F averaged over disorder as a

function of h for several system sizes, but for a different energy density ¢ = 0.3. Also
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FIGURE 2.6: The panel shows F (Eq. 2.60) for several L as a function of h, with € = 0.3
(energy density) [95].

in this case, at h =~ h.(€¢), a change in its behavior occurs as observed for the EE. This
gives an indication that the MBL transition depends on the value of energy density
he(e = 0.3) < he(e =0.5).

As we already discussed, in the ergodic phase the eigenstates are expected to be thermal,
thus ETH should hold. A possible way to check if ETH holds is to consider expectation
values of local observables for eigenstates which belong to the same energy density in

the thermodynamic limit. For example defining

m; = <En‘5'ﬂEn>,
|m;" — m?—H‘ = ’<En|§zz|En> - <En+1’SiZ’En+1>|-

7

(2.61)

On the one hand if the eigenstate |E,) is thermal, the expectation value of Sf is just

described by the energy density €, and thus by ETH

|m — mP | ~ ek a> 0. (2.62)

On the other hand if the system is localized then the expectation value m} will be
different also for two eigenstates which belong to the same energy density. In fact,

considering the limiting case of infinite disorder (h — o0), for which the system is

trivially localized in the o*-basis, m;' takes with equal probability the values % or —%,

giving

Im —m ) ~ O(1). (2.63)

(2

Figure 2.7 [110] shows the logarithm of |m? — m?*!| averaged over disorder config-
urations and over few eigenstates in the middle of the spectrum. For large disorder,
|m}* — m?+1| is independent of L, while for weak disorder where ETH should hold,
n
i

|m? — m}*t| decays exponentially with L.
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FIGURE 2.7: The panel shows the logarithm of |m] — m?+1| averaged over disorder

and over eigenstates in the middle of the spectrum for several values of h as a function

of L. In the ergodic phase this difference decay exponentially with L (ETH), while in
the localized phase |m} —m/*!| does not decay [110].

2.3.2.3 Integrals of motion

We have seen that many-body localized systems are characterized by an extensive num-
ber of quasi-local integrals of motion. Several methods have been proposed to construct
the quasi-local integrals of motion {77} for an MBL system [31, 123, 128]. In this section,
we describe a method proposed by A. Chandran et al. [31], which constructs the inte-
grals of motion considering the long-time evolution of a local-observable. The advantage
of this method resides on its simple physical interpretation, however these integrals of

motion do not obey the Pauli commutation relations.

Let’s consider the system described by the Hamiltonian H (Eq. 2.55), and the following
initial state

p=2"F1467) @1k, (2.64)

where [;c is the identity operator outside the site ¢. The density matrix p describes a
state where the magnetization is zero outside the site ¢ and one at site :. Moreover, all

the other correlation functions are zero.

Tr[ﬁ&j] =0 j,
T[] =0 j Ak

(2.65)

Let’s consider the time evolution of the density matrix p(t) = UT(t)pU (t), with U(t) =

e~ If the system is ergodic, in the long-time limit the local magnetization will be
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FIGURE 2.8: The panel shows M, ; (Eq. 2.69) as a function of |i — j| for several L

and several values of disorder strength W € {2,3,3.5,5,7} from top to bottom. It

gives evidence that the integrals of motion that have been constructed are quasi-local
in space [31].

the same at any site and since the total magnetization is conserved

1
lim Tr[p67] ~ I “for ergodic systems”. (2.66)

t—00

In contrast, in the MBL phase, since ergodicity breaks down, even at long-time the
evolved state will still remember the initial state (5(0)) and thus one would expect that
the profile of the magnetization will have an exponentially decaying envelop centered at

the site 7

lim Tr[po7] ~ e~ li=al/g “for many-body localized systems”. (2.67)

t—o00

This can be better formalized by taking the long-time average

_ 1 T
p= lim ~/ dtp(t). (2.68)
T—o0 0
Thus, we have
A A 1 TZ’\
M;; =Tr[po}] = 2—LTr[ai HE (2.69)
where .
_ 1 [T
07 = lim —= dto; (t). (2.70)
T—oo T Jo

Moreover, {67} are integrals of motion
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[H,67)=0  [67,63]=0,  Vi,j. (2.71)

Figure 2.8 [31] shows M, ; as a function of the distance |i — j| for several L and W. As
expected, for large values of W, M; ; decays exponentially in the distance between sites

(M; ; ~ e li=31/%) while for smaller values of W, M; ; is almost constant.

2.3.2.4 Many-body mobility edges

In this section, we summarize the results that we have reported, and we show the
complete phase diagram for an MBL system [95]. The study of eigenstates and of
the spectral properties of A (Eq 2.55) give evidence for the existence of two phases.
An ergodic phase in which the eigenstates are ergodic and ETH holds, and another
phase called MBL phase where the eigenstates are localized and ergodicity breaks down.
Furthermore, the ergodic phase is characterized by having Wigner-Dyson level spacing
statistic (r = rgor) and the eigenstates are volume-law (S ~ L). The MBL phase
has Poissonian level spacing statistics (r & 7poisson) and its eigenstates are area-law
(S ~ LY. The localized phase is also characterized by the existence of an extensive

number of quasi-local integrals of motion ({77}). Moreover, we have also seen that

Participation coefficient a,

F1cURE 2.9: The panel shows the full phase diagram for the Hamiltonian Eq. 2.55
(disorder strength (h) - energy density €) [95].

the critical value of the MBL transition (h.) is energy density dependent h.(e). The
collection of these results gives rise to the phase-diagram for the MBL transition of
H (Eq 2.55). Figure 2.9 [95] shows the phase diagram (disorder strength (h) - energy
density €). It gives evidence for the existence of an MBL transition also at a finite energy
density (highly-excited quantum phase transition) and thus of the existence of a many-
body mobility edge (MBME). In the literature, energy density and the word temperature

are used interchangeably (quantum phase transition at finite temperature) [106].
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In other words, for large values of h, the system is always localized (h > h.(e = 0.5) ~
3.5). For smaller values of h, the energy spectrum can host separated bands which are

composed of ergodic states or of localized states.

Nevertheless, it is important to point out that recently the existence of MBME has been
questioned [42]. W. De Roeck et al. [42], using perturbation theory and assuming that
ETH holds in the ergodic phase, argued that thermal local-fluctuations in eigenstates
could destabilize the localized phase, forbidding the existence of MBME.

In the next section, we show some properties of the quantum dynamics of many-body

localized systems.

2.3.2.5 Absence of transport

MBL systems are characterized by having no transport, as has been shown in the seminal
works [17, 62]. It can be showed numerically considering the spin-spin correlator
Clr ) = —Tu[$3 5 (1)8

(r,t) = oL [S7/2(0)ST a4l (2.72)
The correlator C(r, t) gives direct information on the d.c. conductivity of the model [149].
In the ergodic phase, diffusion should take place, and at long-time the correlator should

1.1 \2
. e*j(ﬁt) . . . .

have a Gaussian form, C(r,t) ~ VT, with D the diffusion constant. For a localized
system, at long-time C(r,t) does not decay to zero, and it is expected to have the
form C(r,t) ~ e "/ Figure 2.10 (a) [149] shows C(r,t) in a log scale for the non-

(a) (b)

log,oC{r.t)

Lbdlbdhireh

o
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FIGURE 2.10: The panel (a) show the spin-spin correlator (Eq 2.72) for the non-
interacting case. The panel (b) shows C(r,t) for the interacting case in the localized
phase. [149]

interacting case (H® = S>F p, 82 + °F J(S’fgfﬂ + 5’35’3’“)) which can be mapped onto
an Anderson model. At short time the propagation is ballistic (¢ < 1/J), while at long-

time the propagation is frozen as expected for localized systems and C(r,t) ~ e /g,
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The same picture is unchanged if interaction is switched on (at least for strong disorder

or weak interaction strengths) as is shown in Fig. 2.10 (b).

2.3.2.6 Unbounded growth of Entanglement

As we have already discussed, localized systems are characterized by the absence of trans-
port (e.g., spin-spin diffusion, energy diffusion). Nevertheless, MBL systems have the
peculiarity that information can still propagate, contrary to a localized non-interacting
system, in which information propagation is also absent. Indeed, starting with a random
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FIGURE 2.11: The panel (a) shows S(t) as a function of ¢t for several interaction

strengths J, for a fixed L. In this panel the system is always in a localized phase. for

J. = 0 the system is Anderson localized and information propagation is absent (also

panel (b), Soo ~ L°), while for J, # 0 the system is interacting and S(t) ~ log(t).

The panel (b) shows that the saturation value of S(¢) in the interacting case follows a
volume-law (S ~ L) [16].

product state in the o*-basis and evolving it, the bipartite entanglement entropy grows
logarithmically with time (S(¢) ~ log(t)) in the MBL phase. Contrary, for the non-
interacting case, no propagation occurs (lim;_,, S(t) ~ constant). Figure 2.11 (a) [16]
shows S(t) as a function of ¢ for several interaction strengths (J, in the figure ) for a
fixed system size. As we anticipated, S(t) for the non-interacting case just saturates to a
constant. As the interaction is switched on, a slow logarithmic propagation of informa-
tion is visible. It is important to note (Fig. 2.11 (b)) [16] that the long-time saturation
value of S(t) scales linearly with system size (Soo = limy_, o S(t) ~ L). If the system is
ergodic, then the entanglement will spread balistically [94], and at long-time for finite
systems, it will saturate to the value, Soc = Llog2 — § + (9(10%) [109]. Indeed, the
evolved random product state in an ergodic system spreads in the Fock space, and its

long-time limit can be approximated with a random state in the Fock space, and the

bipartite entanglement entropy of a random state is Llog?2 — % + O(IO%L ). Neverthe-

less, for an MBL system S, is smaller than the value expected for an ergodic system,
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FIGURE 2.12: The panel shows a graphical representation of the dephasing mechanism
due by interaction (V' # 0), which is the reason of the log-information propagation in
the MBL phase [130].

giving indication that even if the long-time evolved state is a volume-law state, it is

non-thermal.

The reason of this slow logarithmic spread of information is due to a dephasing mech-
anism originating from interactions which is able to entangle degrees of freedom far
away in space [130]. It is easier to understand this dephasing mechanism in the particle
language rather than in spin language. If the interaction is absent, the eigenstates are
Slater determinants of the single-particle eigenstates, and they are completely specified
by the occupations of the single-particle levels. Moreover, the eigenvalues are sum of
the single-particle eigenenergies. For weak interactions to first order approximation, the
eigenstates are those of the non-interacting case, nevertheless, the interactions will cor-
relate and dephase the eigenenergies. Let’s consider the simple case in which only two

particles are present in the system and consider the following initial state

(Aiad) (Alal)]0), (2.73)

DO | =

o) =

.I.

i

support of the excitation (1,2) and (3,4) z is large (z >> &) (Fig 2.12 [130]), where &

where 7}! creates an excitation localized in space. Suppose that the distance between the
is the localization length of the non-interacting problem. If the interaction is absent no
entanglement will be generated during the time evolution. Nevertheless, the interactions
generate a correlation between single-particle eigenenergies. With the use of first order
perturbation theory, E, g = €4 + €3+ 0E, 8, 6E4 5 ~ C’a’BJe_r/f. The reduced density

matrix for the first particle is given by:

(1 Fw)e
”“)‘2<F*<t> P ) (2.74)

where F(t) = e ™ (1 4+ =) with 6Q = §E14 — 6F14 — 0E13 + 8E23 and Q =
€1 — €+ 0E13 — 0E>3. At time, t = (2n + 1)27/6Q the state will be maximally
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entangled (S = log2). Moreover, the time to reach this value scales exponentially with
x (distance between single-particle modes), giving rise to the logarithmic growth. This
gives the main idea of the mechanism for which the presence of interaction produces

entanglement propagation through the system.



Part 11

Detecting the Many-Body
Localization transition and
characterization of the ergodic

and many-body localized phases
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In the next two chapters we present two complementary methods to detect the MBL
transition and to give a characterization of both the ergodic phase and the MBL phase.
In the first approach, borrowing concepts from quantum-information theory, we show
that the quantum-mutual information is an efficient probe to detect the MBL
transition. In the second one, giving a characterization of time-irreversibility, we give
a complementary description of the two phases. Moreover, we show, how these two
methods can be used to distinguish an Anderson-insulating phase from an MBL

localized phase.



Chapter 3

Quantum Mutual Information as
a Probe for Many-Body

Localization

As we have already discussed, several quantities have been proposed to characterize a
many-body localized (MBL) phase and to detect the MBL transition (Chapter 2). More-
over, new advancements in experimental techniques allowed to obtain the first evidence
of the existence of a localized phase and the presence of a transition [24, 97, 129, 137].
Nevertheless, one of the issues in the experiments has been to distinguish an Anderson
insulator phase from an MBL phase. As we have shown in Chapter 2, the growth of
the entanglement entropy after a global quench shows different behavior between the
two phases: in the Anderson insulator phase it saturates and in the MBL phase it
grows logarithmically. However, measuring entanglement entropy in an experimental
setup is challenging due to its nonlocal nature [69]. Only few local measurements have
been proposed to distinguish an Anderson insulator from an MBL phase. For example,
M. Serbyn et. al. [131], considering the evolution of local observables after a quantum
quench, found that the time-fluctuations decay algebraically with time in an MBL phase,
while in the Anderson insulator phase the time-fluctuations do not decay. They relate
this decay to the entanglement growth in an MBL phase, and moreover they relate the
rate of the decay to a characteristic localization length. Nevertheless, usually the study
of time-fluctuations are difficult in an experimental setup since the time scale to study

them are too large, and thus the system can not longer be considered closed.

In this chapter, we demonstrate that the quantum mutual information (QMI) between
two separated sites is a useful probe to study MBL, and moreover it can be used as a

dynamical indicator to distinguish an Anderson insulator from an MBL phase. Moreover,
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the QMI between two sites, being a local measurement, can in principle be used in an
experimental setup to detect the transition and to distinguish between an Anderson
insulator and an MBL phase, without the need to compute an extensive many body

density matrix [8].

This chapter is structured as follows: In the first part of this chapter, with the aim
to make it self-consistent, we describe the models that we will study. Then, we will
define the QMI and explain its properties. In the second part, we will benchmark our
conjectures in the non-interacting Aubrey-André-Harper model (Chapter 1), and in the
disordered t-V spinless chain (Chapter 2). In the last part of this chapter, we will show
how the QMI can be used as a dynamical indicator to distinguish an Anderson insulator

from an MBL phase.

3.1 Models

The Hamiltonian reads

L-1

- L
. t . . 1
’H:—§Z }Cj.l,.l‘i‘h.C.""Zhj <nj—2>

1 j=1
L-1
. 1 . 1
V3 (ni=3) (- 3)
T

where éj (¢;) is the fermionic creation (annihilation) operator at site j and n; = é}éj,
{h;} are random fields, t and V" are respectively the hopping and the interaction strength,
L the system size and N = % the number of fermions. We consider two different cases

that have a metal-insulator transition:

1. The noninteracting AAH model (Chapter 1), which is obtained from # (3.1) with
V =0,t=2and h; = W cos(2rj¢ + a) where o = 1+T\/g is the golden ratio and ¢
is a random phase uniformly distributed in [0, 27]. As we have shown in Chaper 1,
the AAH model is known to have a metal-insulator transition at W, = 2 (extended
phase for W < W, and localized phase for W > W,). The localization length close

to the transition diverges as & ~ log™? % (Chapter 1).

2. The t-V spinless fermionic disordered chain (Chapter 2) is obtained by choosing
t =V =1, and {h;} independent random variables uniformly distributed in
[-W,W]. This t-V chain is believed to have an MBL transition at a critical
disorder strength W, = 3.5+ 1 (extended for W < W, and localized for W > W),

as discussed in Chapter 2.
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Ficure 3.1: Qualitative behavior of the QMI in the two different phases of the in-
teracting disorder model # (3.1) for a fixed disorder configuration. t =V =W =1
(left) and t =V =1 W =5 (right). The red dots represent the sites of the chain and
the thickness of the blue bonds between sites {i,j} is proportional to the magnitude of

% averaged over 16 eigenstates in the middle of the spectrum.

3.2 Quantum Mutual Information

The mutual information measures the total amount of classical and quantum correlations
in the system and has been successfully used to study phase transitions [4, 11, 33, 66, 98—
100, 136, 140, 146, 157, 158]. The QMI for two spatial subsets of the system A, B C [1, L]
is defined as [8]:

Z(A,B) :=S8(A)+ S(B) — S(AUB) (3.2)

where S(A) is the Von Neumann entropy S(A) = —Tr[palogpa] with pa the reduced
density matrix of the subset A calculated using an eigenstate of A. Figure 3.1 shows the
typical behavior of Z([i],[j]) for a given disorder configuration in two different phases

(extended/localized) for all possible combination of bonds {i,j}. The thickness of the
Z([i],[45])
max;,; Z([i],[j])
(Fig. 3.1, left panel) the strongest bonds are the first neighbors {7, i+ 1} but nevertheless

lines that connect ¢ <+ j represents the magnitude of In the extended phase
all the other combinations of bonds have almost the same magnitude indicating that in
the extended phase all sites are entangled with each other. Note that in the thermody-
namic limit for ergodic infinite temperature states where a random-matrix assumption
: : Z([], 5] : -

is supposed to be valid, we expect (R to be a constant independent of {7, j}.
In contrast, in the localized phase (Fig. 3.1, right panel) each site is mainly entangled
with neighboring sites and the QMI is almost zero for distant sites. Particularly, the
QMI between two sites {i,j} in a fermionic system with a fixed number of particles is

given by
Z([i], [5]) -= S([d]) + S([3]) = SV [5]) (3.3)
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where
S([i]) = — (nq) log(n) (3.4)
— (1= ({ng))log ((1 —ny)),
S([JUl5]) = — (niny) log(nin;)
= (1 = ns)(1 = ny)) log((L = nq)(1 — ny)) (3.5)
—Aplog Ay — A log A,
and

n; +nj)%) £/ (ni — nj)? 4cjcj2
() wz 2 +aliclel o,

where () is the expectation value in an eigenstate of 7. The computation of the QMI
requires only the knowledge of two point correlation functions (i.e. (n;n;)) and the

expectation values of the local densities ({n;)).

Furthermore, in the case of one particle (N =1) the QMI reduces to

Zj = — [¢n [ log [y [* = (1 = [¢1[*) log(1 — [¢1[*)
— [j|*log [v;1* = (1 — [1;[*) log (1 — [1;]?)
+ ([ + [951) log ([ [ + [v;1)
+ (L= [n]* = 9 *) log (1 = [91* = [95%).

To quantify this behavior, we focus our study on Z; = Z([1], [j + 1]), from which we can

define a correlation length

1. I
-1 . g . —1
= — lim =log = =1 - 3.8
3 Jim Slog 7 Jim &5 (3.8)
where the overline stands for disorder average. We expect that in the localized phase Z;
decays exponentially in j (Z; ~ e_%), thus €1 will be nonzero. Instead, in the extended
phase we expect a decay of Z; slower than exponential, implying £~1 is zero in the
thermodynamic limit. The exponential decay of Z; implies, via the Pinsker’s inequality,
that all two point correlation functions also decay exponentially with the distance [59].
This definition of a correlation length is related to the single particle localization length
&loc, which has been discussed in Chapter 1
|51

1
-1 .
= — lim - log ——, 3.9
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with 9; the single particle wave function evaluated at site j. Using Eq. 3.7, and assuming

1 is an exponential function of j

P1]?
log Z; ~ log |1;]% + log (1 —log ;[* + log 1|—|7»’01|2

for large j, implies
§~ 2&00 (310)

As a further measure of the spread of the QMI we interpret {pj = Ezjzm } as the values

of a discrete probability distribution and take its variance

2

o? =Y pi— D dni | - (3.11)
J J

Since we expect Z; to decay exponentially fast with j in the localized phase, & should
saturate with system size in this phase. However, it is important to note that & can still
saturate for algebraically decaying Z; (i.e., Z; ~ JS—LI for any 1 > 0), thus this quantity

can only be used to detect a lower bound of the transition point.

3.3 Quantum mutual information for the Aubry-André-

Harper model

We start by benchmarking our expectations on the behavior of the QMI in different
phases for the AAH model. We compute Z; for this model using a free fermion technique
(Appendix A) for eigenstates of # constructed as a Slater determinant taking random
single particle eigenstates, which implies an effective infinite temperature ensemble. The
two lower panels of Fig. 3.2 show §j_1 as a function of j, for two different values of W,
in the extended phase (W = 1.5) and in the localized phase (W = 2.2). In the extended
phase it decays to zero with a saturation point which scales as the inverse of the system
size with a logarithmic correction due to the normalization of the single particle wave
functions (¢71 ~ lo%L) In the localized phase, £ ! saturates to a nonzero value, leading
to a finite correlation length. The left upper panel of Fig. 3.2 shows ¢ for different system
sizes and different disorder strengths. In the localized phase for a fixed system size L,
§ was extrapolated from §; by averaging over the values of j where it saturates, and in
the extended phase we take £ = §;—r. As expected, in the extended phase { increases
with system size, while in the localized phase it saturates to a constant. The left panel
of Fig. 3.3 shows how the correlation length & grows with system size in the extended
phase, & ~ ﬁ. The logarithmic correction is due to the normalization of the single

particle wave function in the extended phase, which decays as ﬁ Moreover, the single
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FIGURE 3.2: The upper left panel shows the localization length ¢ for different system
sizes as a function of disorder strength W for the AAH model. The dashed line at
W. = 2 represent the known transition point between extended and localized states
(Chapter 1). For values below W, ¢ increases with system size while for values above
W, it saturates. The right upper panel shows & for different system sizes as a function
of disorder strength W; for values of W below W,, & grows with system size while for
values above W, it saturates. The lower panels show 5;1 in two different phases: for

W = 1.5 in the extended phase f;l goes to zero as a function of j, while for W = 2.2 in
the localized phase it saturates to a positive value implying a finite correlation length

¢.

particle localization length is known to diverge close to the critical point as &g ~ s T
The right panel of Fig. 3.3 shows & ~ & close to the transition. It can be understood
by the non existence of a single particle mobility edge in the AAH model, implying
that the localization length of any particle diverges approaching W, as @, and thus
the correlation length & will be dominated by the divergence of £o.. Furthermore we
checked that & does not change if calculated from the center of the chain. Figure 3.4

shows the fj_l calculated from the mutual information of site % with site j, in this

— 1 I([5]l+1)

case 5;1 = —1Lp—] log NS0 As expected in the extended phase (W = 1.5)

fj_l tends to zero as j increases. In the localized phase W = 2.2, fj_l saturates to a
finite values which is consisted with the values that we have just showed. The right
upper panel of Fig. 3.2 shows o averaged over disorder realizations for different disorder
strengths and different system sizes. For values of W greater than W,, & converges to a
finite value, which implies that all the eigenstates are localized and have reached their
maximum extension. However, for values below W,, & scales linearly with system size

(@ ~ L), with the consequence that p; ~ L', indicating that correlations are spread
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F1GURE 3.3: The left panel shows the localization length in the extended phase for
the AAH-model for different system sizes, £ ~
approaches the transition point (W, = 2) as a function of W in the localized phase.
In the localized phase & has been extrapolated choosing the system size L in which &
saturates.
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FIGURE 3.4: E{l for two values of W calculated from the quantum mutual information
of site % with site j for the AAH-model.

uniformly at any distance. Figure 3.5 shows the full probability distribution (p) of o
for the AAH-model in the two different phases. For W = 1.5 in the extended phase,

the probability shifts systematically with system size, indicating that all the states are

extended. In contrast, for W = 3.5 in the localized phase p does not shift, indicating

that the system is fully localized.

3.4 Quantum mutual information for many-body localiza-

tion

In the previous section, we have shown that the QMI captures the salient features of

the metal-insulator transition in the AAH model, we now study Z; for the interacting
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FIGURE 3.5: The probability distribution p of ¢ in the two different phase for different

system sizes L for the AAH-model. The first panel (W = 1.5) is in the extended phase

and p shifts to infinity with increasing L. The second panel (W = 3.5) is in the localized
phase and p does not scale with L.

problem that has an MBL transition. For this model, we compute Z; using exact diag-
onalization for eigenstates in the middle of the spectrum. The lower panels of Fig. 3.6
show §j_1 for two different values of W. In the expected extended phase (W = 1), it
goes to zero with increasing j and in the MBL phase (W = 5) it becomes constant for
large j, indicating that the QMI decays exponentially with j. As for the AAH-model,
for values of W where {; becomes a constant with respect to j we average over those
sites, and for values of W where §; decays uniformly with j we take § = £;—. The left
panel of Fig. 3.6 shows the extrapolation of the correlation length for different values
of W and for different L. We note that for values W < 4.0, ¢ does not converge for
available system sizes, but it increases with L giving an indication of an extended phase
and thus of a transition. As expected, £ is a monotonically decreasing function of W,
implying stronger localization for larger disorder. We also detect the extended and lo-
calized phases by studying @, as shown in the right upper panel of Fig. 3.6. Its behavior
is similar to the case of the AAH model. For values W < 4, & grows with L (¢ ~ L),
implying p; ~ L1, so there is equal probability of finding correlation at any distance.
Figure 3.7 shows the scaling of & for different system sizes in the extended phase. &
scales linearly with L indicating that p; ~ L1, all sites are correlated with each other
uniformly. Figure 3.8 shows the full probability distribution of ¢ in the two different
phases, in the extended phase (W = 1) it shifts with system size, while in the MBL
phase it is stable and has exponential tails. For W > 4.0, 7 saturates with L indicating

the presence of the two different phases.
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FIGURE 3.6: The top left panel shows the localization length £ for different system
sizes as a function of disorder strength W for the t-V model. The top right panel shows
o for different system sizes as a function of disorder strength W, for values W < 4 it
grows with system size while for larger values it saturates. The vertical dashed line at
W, = 3.5 is the value for the expected transition [95, 110]. The bottom lower panels
show & U'in the two different phases. For W = 1 in the extended phase, Ej_l goes
to zero as a function of j, for W > 4 in the localized phase it starts to saturate to a
positive value implying a finite correlation length.
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FIGURE 3.7: Scaling of 7 for different system sizes in the extended phase (W = 1) for
the t-V model.

3.4.1 Unbounded spread of quantum mutual information

We now show how Z; can be used to distinguish between an Anderson insulator phase and

an MBL phase. We perform a global quench from a random product state (Hivzl c;-rs \0))
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t-V model for different system sizes L. The first panel (W = 1.0) is in the extended

phase and p shifts to infinity with increasing L. The second panel (W = 5.0) is in the
localized phase and it does not scale with L.
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FIGURE 3.9: ((X2)) for different system sizes for W = 6, and for V. = 0 (non-
interacting). For V = 0 ((X?)) saturates at time of the order one and with system
size. For V # 0, ((X2)) ~ log(t).

and compute Z; as a function of time. We study the following quantity,

2

(X)) =T - | i | - (312

This quantity allows us to detect the spread of information under time evolution. At
t = 0 the initial product state has no entanglement and ((X?)) is zero. With the increase
of time its value increases. Figure 3.9 shows ((X?)) as a function of time ¢ averaged over

disorder and over random product states in the regime of strong localization W = 6. For
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V = 0 (Anderson model) it saturates at a time of the order one (~ (hopping strength)~1!)
as one would expect in an Anderson insulator phase. Using a free fermion technique
(Appendix A), we compute ((X?)) for large system sizes for the noninteracting Anderson

model (V' = 0), as shown in Fig. 3.10 to show that there is no propagation.

0.2
%01
—v— [ =64
0.0 —t— [ =128
’ 100 103 10°

t

FIGURE 3.10: ((X?)) as a function of time (¢) for the Anderson model (V = 0) for
W =6.

In the MBL phase (V # 0) in contrast, it grows logarithmically, ((X?)) ~ log(t). The
logarithmic growth can be understood from the mechanism of dephasing induced by in-
teraction discussed in Chapter 2, in which the time needed to entangle separated portion
of the system grows exponentially with their distance. We tested this by calculating the

minimum time such that fj(t) starts to be bigger than some fixed threshold,
Towin(§) := min {¢|Z;(t) > 107°} (3.13)

and we plot it as a function of j in Fig. 3.11. In the extended phase (Fig. 3.11, left panel)
Tnin grows algebraically with distance j, while in the MBL phase (Fig. 3.11, right panel)
the time to entangle two separated portions of the system grows exponentially with their

distance after an intermediate regime.

3.5 Summary

In this chapter we studied the QMI in fermionic systems having a localization-delocalization
transition. First, we benchmarked our main conjectures on the scaling of the QMI as a

function of the distance of two sites in the AAH-model. Second, we studied the QMI
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FIGURE 3.11: Ty, for different system size and in two different phases. For W = 1.5
extended phase, it grows algebraically. In the localized phase (W = 6) the time to
entangled two separated region of the systems grows exponentially with their distance.

in a interacting model having an MBL transition. The QMI decays exponentially with
the distance in the localized phase and slower than exponential in the extended phase.
This allowed us to define a correlation length &, which is finite in the localized phase
and diverging in the extended phase. This correlation length recovers the single particle
localization length &, if the system is composed of only a single fermion. Furthermore,
we defined the quantity o, which can be seen as the variance of an appropriate proba-
bility distribution defined using the quantum mutual information. In both models, this
quantity saturates to a finite value in the localized phase and diverges with system size
in the extended phase. Finally we studied the non-equilibrium properties of the MBL
system by performing a global quench from a random product state and following the
time evolution of the mutual information. We showed that the spread of the QMI with
time can be used as a dynamical indicator to distinguish an Anderson insulator phase
from an MBL phase. In the Anderson phase it saturates with system size, while in the
interacting case it grows logarithmically. We propose the QMI between two sites as a
possible quantity which in principle can be measured in experiments, to detect the MBL
transition, and moreover to distinguish between an Anderson insulator phase and an

interacting localized phase.



Chapter 4

Characterizing time-irreversibility

in disordered fermionic systems

In Chapter 3, we have characterized the two phases of an MBL system studying its
local entanglement properties. In the following chapter, we will change perspective,
and we give a complementary characterization of the two known phases, analyzing and

quantifying time-irreversibility.

)

The existence of a “time-arrow” is one of the most intuitive phenomena in nature.
Indeed, the second law of thermodynamics imposes strong constraints on the time-
reversibility of non-adiabatic processes between thermodynamic states. Why time-
irreversible processes exist even though the microscopic classical laws of motion are
time-reversible, has been a question that has intrigued physicists for many decades [53].
The answer to this question is strongly connected to the existence of chaos in the classi-
cal phase-space [119], and thus the exponentially large sensitivity to small perturbations
of the initial condition. Nevertheless, how time-irrevesibility is revealed in quantum
systems is a much less understood phenomena. Already, the sensitivity to initial condi-
tions, giving rise to time-irreversibility in classical systems, cannot be used in quantum
systems due to the unitary time evolution [63]. Indeed, the scalar product of any two
evolving states is unchanged during the time evolution. To overcome this problem,
in 1994, A. Peres [61, 111] in the contest of quantum-chaos proposed to focus not on
the stability of the choice of the initial conditions but rather on the stability of the
quantum-dynamics when the Hamiltonian is weakly perturbed. The main idea is repre-
sented diagrammatically in Fig. 4.1 (a) [63]. An initial state |¢)g) will be evolved with
the Hamiltonian H; and then at time ¢, it will be evolved back with a different a Hamil-
tonian Hy = H; + {weak perturbation}. Finally, taking the absolute module square to

calculate the quantum return probability, we quantify how time-reversible the system
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FIGURE 4.1: Diagrammatic explanation of the Loschmidt echo [63].

is. The described quantity is called the Loschmidt echo, and we will define it precisely

later.

If the system is ergodic, the Loschmidt echo will have a fast decay with time (expo-
nentially fast), since the system is governed by the laws of statistical mechanics. How
time-irreversibility is affected by the breaking of ergodicity (i.e., in MBL systems) is
the main topic of this chapter. The chapter is organized as follows. Starting with the
definitions of the models, we will then introduce the main methods to quantify time-
irreversibility. First, we will apply these methods to non-interacting disordered fermionic
models. Second, we will quantify time-irreversibility in an MBL system, focusing on the

characterization of the ergodic and MBL phases.

4.1 Models and methods

We study the following Hamiltonian

Lo L
N t a R 1
”,!-[:—5 ELchx+1+h.c.+ thx<nx—2>

x r=—%

L ’ (4.1)

2
L
2

|
|
N

+V
x
where {é}} ({¢,}) are the fermionic creation (annihilation) operators, L the system size

and N :% the number of fermions.

In this chapter we consider three different cases, which have been described in detail in

the introductory chapters (Chapters 1, 2):



66

1. The non-interacting Aubry-André-Harper (AAH) model, obtained from H with
V=0, t=2 and h,=W cos(2rxa+¢) where a:1+72\/5; ¢ is a random phase uniformly
distributed in [0, 27]. The AAH model has a localization-delocalization transition
at W.=2 (extended phase for W < W, and localized phase for W > W,). The

localization length close to the transition diverges as &joc ~ log™* % (Chapter 2).

2. The non-interacting Anderson model, given by V=0, t=1 and {h,} independent
random variables uniformly distributed in [—W, W]. In the Anderson model, all
the single-particle eigenstates are exponentially localized and &0 ~ W2 in the

weak disorder regime (Eq. 1.38).

3. The spinless disordered t-V chain which has been studied also in Chapters 2,3,
obtained from the Anderson model by turning on the interaction with V=1. This
t-V chain is believed to have a MBL transition at a critical disorder strength
W, ~ 3.5 (extended/ergodic for W < W, and localized for W > W,) at infinite

temperature.

In what follows we describe the quantities that we consider to characterize
time-irreversibility perturbing the system. We focus on the study of spatially local

perturbation of the Hamiltonian #, we define
He = H + 2en, (4.2)

with € > 0. We would like to point out, that this perturbation is a zero density pertur-

bation in the thermodynamic limit, meaning

1] = el
'L‘ ~ O(e/L). (4.3)

A central object studied in this chapter is the Loschmidt echo (LE) [39, 46, 47, 72, 91,
115], which in related forms has already been studied in disordered systems [2, 22, 43,
125, 133]

£(t) = [l M e He]) 2. (4.4)

The LE is a highly sensitive measure, since it involves a scalar product between two
many-body wavefunctions. For example, the scalar product of two many-body wave-
functions can be zero even if they describe locally the same physical state. For this
reason, to understand how states deviate in their local properties if evolved with # and
H., we study the difference of the local density profile (DLDP) [43, 76], defining

D(t) =Y [dp(x, )], (4.5)
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with
Sp(w, 1) = (e Mnge H|p) — (bleHen e He|p), (4.6)

Moreover, we are interested in the long-time behavior of D(t), which quantifies the

long-time relative temporal fluctuations

1T
Do :TlggoT/O dsD(s). (4.7)
For the initial state |¢), we choose a product state in the occupation basis (Hévzl C;S‘O>)
(charge-density state), which is easy to realize in experiments [129]. The strength of
the perturbation € is set equal to 0.1, so e < {¢,WW,V}. The average over disorder is

indicated with an overline, i.e., D(t).

4.2 Non-interacting models

We start by quantifying time-irreversibility for the two non-interacting models.

4.2.1 Loschmidt Echo for non-interacting models

We compute the LE for these models using a free fermion technique (Wick’s theo-
rem [113]), which permits us to inspect large system sizes for long times. Figure 4.2
(a-c) shows the LE in the two phases of the AAH and in the Anderson model. In the ex-
tended phase of the AAH model (W = 1.5), the LE decays exponentially as £(t) ~ e,
revealing the strong effect of local small perturbations. In the localized phase for both
models (AAH and Anderson models), the LE decays algebraically in time as £(t) ~ t=2.
Note that in both phases, the long time saturation value is exponentially small in sys-
tem size, i.e., L(t — o0) ~ e " (Anderson orthogonality theorem [10]). Still the
two phases can be distinguished through the decay of the LE as a function of time.
For the localized phase, Fig. 4.2 (b-c) also shows the relation between the exponent (3
and the microscopic parameter of the Hamiltonian (W), with a good collapse of the
curves. For the Anderson model, we observe 3 o W2, indicating that 3 is proportional
to &oc at least in the weak disorder limit. For the AAH model, we find the scaling
B x (Wlog %)*1. Thus, § is again proportional to the localization length &, on ap-
proaching the localization-delocalization transition to leading order. The rescaled time
in the LE deserves particular attention: the time scale for the onset of the algebraic
decay is proportional to the localization length, which on approaching the localization-

delocalization transition shifts to infinity in the thermodynamic limit.
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FIGURE 4.2: (a),(b): Behavior of —log £(t) for the AAH model in the extended phase
(W = 1.5) (L(t) ~ e~T*) and in the localized phase for several values of W (L(t) ~ t=#).
In the localized phase t and L(t) have been properly rescaled to underline the time scale
on which the decays starts and the behavior of the exponent of the algebraic decay .
(¢): —log L(t) for the Anderson model for several values of W; here also a rescaling
has been done on ¢ and L(t). (d),(e): Panels show the approximate formula £ 4(t) for
the two non-interacting models and for the same values of W. The averages have been
performed over 5000 random configurations of disorder.

We now present an analytical argument supporting the algebraic decay of the LE in the

localized phase. In the Lehmann representation [113] the LE reads

2

L£() = |3 (W ln) (alm) (mJap)e BB (4.8)

n,m

where E, (|n)) and BY (Jme¢)) are the eigenvalues (eigenvectors) of H and H,, respec-
tively. The simple picture is that in the localized phase, the local perturbation causes

an exponentially weak dephasing of the energies of the unperturbed Hamiltonian with
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respect to the perturbed one, inducing the decay of the LE. The following approxima-
tions, which are equivalent to a first order expansion in € [29], permit us to estimate
the behavior of the LE and relate the power-law exponent 3 to the localization length.
We confirmed this relation close to the localization-delocalization transition with exact

numerics.
The main assumptions which we use are the following:
1. The perturbation modifies only the eigenenergies of #, but not its eigenfunctions,
which are the same as those of the unperturbed Hamiltonian . Tt is easy to see

that the contribution to the change of the eigenfunctions is second order in the

strength of the perturbation e.

2. The behavior of the LE is independent of the initial choice of the product state.

Using the spectral representation for the time evolution and with the use of the first

approximation (n|me) = dp m,

. (e)
[(nfy) P EmED) (4.9)
and using the second approximation,
. 2
. (€)
t) ~ sze*”@n*’fn ), (4.10)
n
Using first-order perturbation theory in € to estimate the energy difference
E, — E'9 = 2¢(n|ng|n), (4.11)
we get
4 R 2
Z e—z2te(n|no|n>
L(t) ~ | =t (4.12)
L, m

Moreover (n|ngln) = > - |;(0)|%, where {¢;(0)} are the single particle wavefunc-

j=1%
tions evaluated in the center of the the chain and ag-n) takes only two values {1, 0} depend-
ing on whether the single-particle eigenstate labeled with j is occupied or not in the state
In). The last expression is essentially a perturbation expansion in €, £(t) = L4(t)+O(€?).

Finally, defining L£4(t) by

Z —i2te(n|no|n)
n®
2L

EA(t):‘ Hcos e|o; (0)[*t) (4.13)
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FIGURE 4.3: —log L(t) for different values of e for the AAH model in the localized
phase (W = 2.5). The time has been rescaled by € as is suggested by the equation in
main text |¢;(0)|%*te ~ 1.

where the subscript A underlines that this is an approximate formula. Since all sin-

gle particle eigenstates are exponentially localized, after an appropriate relabeling of
pi

the index j, we assume that |¢;(0)|? ~ % Thus, the only factors that contribute

significantly are the ones where €|¢;(0)[*t ~ 1

Elog &

et ¢
LA(t) = H cos? (6|¢j(0)|2t) ~ <t> , (4.14)
j=1

with ¢ > 0.

We can confirm our analytical predictions by numerically studying Eq. 4.13. The last
row of Fig. 4.2 (d,e) shows the algebraic decay with time of the LE from Eq. 4.13 as
L(t) ~ t=P4 for the two models and several values of . Surprisingly, despite being
a perturbative expansion in €, £4(t) reproduces the algebraic decay of the LE also for
long times. The exponents 54 and [ have the same dependence on the microscopic
parameter W in the vicinity of the critical point, namely 3,84 ~ W2 as W — 0 for
the Anderson model and f, 84 ~ log™* % as W — 2 for the AAH model. Indeed, as
shown in Fig. 4.2 (d-e), B4 is proportional to the localization length (54 o &oc). For
the Anderson model, the deviation with increasing disorder strength W is just a sign

that the perturbative expansion for £ is breaking down (Chapter 1).

Moreover, the approximate formula Eq. 4.14 describes well the rescaling of time, given
by t — %t Figure 4.3 shows L(t) for several values of the perturbation strength € for the
AAH model in the localized phase (W = 2.5). L(t) decays algebraically, the exponent
of the decay (3 does not depend on €, and as suggested by the expression |¢;(0)|*te, the

time has been properly rescaled to make the curves collapse together. We can check
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FIGURE 4.4: The panels show —log L(t) averaged over random product states and
disorder configurations for the AAH model and for the Anderson mode.
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FIGURE 4.5: The panels shows —log £(t) (left) and —log £(¢) (right) for the non in-
teracting Anderson model for different values of W.

that our results are qualitatively independent of the choice of the initial product state,
averaging the LE over random product states of the form Hévzl CL|O> (for any random
configuration we calculate £(t) for 25 random product states), as shown in Fig. 4.4 (the
average over random product states is indicated with (-)). Figure 4.4 shows that the
behavior of L£(t) is similar to the charge-density state, and the same scaling with the
microscopic parameter W still works relatively well, and the deviations become relevant
for long times (¢ > 10%). It is also interesting to compare different way of performing
the average. Figure 4.5 shows for the non-interacting Anderson model and for different

disorder strengths —log £(t) and — log L(t). As expected from the inequality between the
arithmetic mean and the geometric mean, —log £(t) > —log L(t). Moreover —log L(t),



72

(a) W=15 04 (b) W=2.5
3500 L=512
—— [=1024
—— L[ =2048

1.25¢

logD(t)

—1.007; 1.2 0 16 32 48 64 1
! /T .
10! 103 10° 2.1 2.4 2.7 3.0
t loglogt

FIGURE 4.6: D(t) for the AAH model in the two phases for different L. (a): W = 1.5,

D(t) ~ t* while its inset shows D, as a function of L (D ~ VL). (b): W = 2.5,

D(t) ~ log™t, its inset shows Do, ~ L. The averages have been performed over 2500
random configurations of disorder.

being the logarithm of the typical value of L(t), is less noisy than the logarithm of the
arithmetic mean —log £(t). Nevertheless, to some extent the scaling of the algebraic

decay (8 and of the time are the same for both ways of performing the disorder average.

4.2.2 Difference of the local density profile in non-interacting models

In this section, we probe the effect of local perturbation on the dynamics of local observ-
ables by studying D(¢) (DLDP). Figure 4.6 shows D(t) for two different values of W for
the AAH model. In the extended phase with W = 1.5, D(t) shows an algebraic growth
with time, D(t) ~ t*, a ~ 0.6 for W = 1.5. The saturation point in time of D(t) is
consistent with the scale v/L (inset, Fig. 4.6 (a)) with system size, indicating that in the
long time limit the average over index sites of the DLDP (5T°°) relaxes algebraically with
system size. In the localized phase, D(t) has a log-like slow growth, D(t) ~ log® t with
a ~ 1.3 for W = 2.5, so the effect of local perturbations on the dynamics is exponen-
tially slow in time. Moreover, Dy, ~ L (inset, Fig. 4.6 (b)), so that the relaxation of ﬁT‘O
never takes place. An analytical argument based on a random matrix approximation is
possible to give, which will give a lower bound of Dy, as a function of L. Neglecting the
time fluctuation of D(t) we get a lower bound of D, (diagonal ensemble)

T T
! /0 p<s>dsz;; /0 5p(w,s)ds| . (4.15)

Thus,

1
lim — —
Tl—I;goT

T
/ op(x, s)ds
0
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FIGURE 4.7: The panels show —log £(t) for different values of disorder strength W for
the t-V model. (a): The system is in the ergodic phase W = 1 and the LE decays
at least exponentially fast with time. (b): An intermediate disorder strength W = 2,
M (inset) forms a plateau with time which is enlarging with system size, showing
that the range of times for which LE decays exponentially fast is expanding. (c): The
system is in the localized phase W = 6 and the LE decays algebraically with time. We
also show the LE for the non-interacting case (V' = 0) for the largest system size in
each panel (L = 24 for W = 1,2 and L = 20 for W = 6). The averages have been
performed over 10* random configuration for system size L < 14 and 5000 for L = 16
and 2500 for larger system sizes.
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The sum over the index s runs over the index sites that are occupied at the initial
time (t=0). {¢a(x)}} and {¢ (z)}F are the single-particle wavefunctions of # and H.
respectively. In first approximation in the extended phase, the single-particle wavefunc-
tions can be approximated with {¢“ }L and {% x)}l, where {@q ()} and {¢¢, ()}

are independent random variables with a fixed mean and variance which do not scale

(4.16)

with L, since their dependence on L has been already taken care with the normaliza-
tion factor % Using the central limit theorem, we can estimate the scaling with

L of the sum over the index s and «, e.g., Z |¢°‘( I

~ constanty + O(ﬁ) and
Yoa w ~ constanty + O(ﬁ) Since we have assumed that the perturbation does
not change the statistical properties of the single-particle wavefunctions, we have that
the difference of the local density profile |p(x,t — o0)| > (’)(%) This gives the result
Do > O(VL). The argument can be repeated for the non-interacting localized phase.
Indeed in the localized phase, taking the single-particle wavefunctions as box functions
with a finite width randomly displaced, (e.g., ¢q(x) ~ X[a;\/im), it is easy to show that

the lower bound Do, > O(L). Since Do, can not be larger than L, we have Do, ~ O(L).
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FIGURE 4.8: The panels show — log £(t) averaged over disorder configurations for the
interacting spinless t-V chain in the localized phase (W = 6) for a fixed system size
L = 14 for several values of the perturbation strength e.

4.3 Spinless t-V chain

4.3.1 Loschmidt echo for the t-V chain

In the previous section we have shown that the LE captures the salient features of the
localization-delocalization transition in the AAH model, we now study L£(¢) for the in-
teracting spinless t-V chain that has an MBL transition. We perform the time evolution
using full diagonalization for small systems size L < 16, and using the Chebyshev in-
tegration technique (Appendix A) for larger L (18 < L < 24). Figure 4.7 (a-c) shows
the behavior of the LE for the interacting model for different values of disorder strength
W. The enhanced decay compared with the non-interacting problem is also shown in

Fig. 4.7. Nevertheless, in the localized phase, the LE still decays algebraically as in the

M (inset

localized phase of the non-interacting models. For W = 6 the function —
Fig. 4.7 (c)) does not present any systematic dependence on system size, indicating that
the algebraic decay could be the asymptotic thermodynamic behavior. Moreover, the
time can be rescaled with the strength of the perturbation e like for the non-interacting
case (t — te), as is shown in Fig. 4.8. In the ergodic phase with W = 1, the LE decays
at least exponentially with time, and the function —@ does not decay for times
in which the decay of the LE is not affected by finite-size effects (inset Fig. 4.7 (a)).

Figure 4.7 (b) also shows an intermediate disorder value W = 2, at which the function

—M develops a plateau with respect to ¢, like in the extended phase, after which a

slower decay sets in. This plateau is enlarging with increasing system size, which may
indicate that in the thermodynamic limit ergodicity will be completely restored and the
LE will decay exponentially with ¢. Figure 4.9 shows the behavior of the LE averaged
over random product states (Hi\[:1 CL |0)) and disorder configurations for the interacting

t-V chain for two different values of W, in the ergodic (W = 1) phase L(t) ~ e I* and in
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FIGURE 4.9: The panels show —log £(t) averaged over random product states and
disorder configurations for the interacting spinless t-V chain for two different W (W =1
in the ergodic phase, W = 6 in the localized phase). For V' =0, L = 20.

the localized (W = 6) phase L(t) ~ t~#. We would like to stress that what we have done
is only valid at infinite temperature (middle of the energy spectrum). Indeed the result
will be completely different if we will repeat what we have done quenching for example
the ground state (zero temperature T = 0) of H. Figure 4.10 shows L(t) (¢©°8£®) ) in
the localized phase W = 6 where the initial state has been taken the ground state of
7:[, in this case the LE does not decay in time. It is interesting to note that the same
behavior of LE occurs also in the ergodic phase, since the ground state of # is localized

for any amount of disorder [62], as shown in Fig 4.11.
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FIGURE 4.10: The panels show L(t) (e°64®")) in the localized phase (W = 6) for the
t-V chain where the initial state has been taken the ground state of H.
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FIGURE 4.11: The panels show L(t) ('°2*®)) in the ergodic phase (W = 1) for the
t-V chain where the initial state has been taken the ground state of H.

4.3.2 Difference of the local density profile in the Spinless t-V chain

We now study the effects of perturbations in the dynamics of local observables by study-
ing the DLDP for the t-V chain. Figure 4.12 shows D(t) in the interacting model for
two values of W. We give evidence that the behavior of D(t) in the ergodic phase for
long time is drastically different from the non-interacting case: D(t) is not a monotonic
function of ¢ (inset, Fig. 4.12 (a)). For short times, D(t) grows to a maximum value from
which it starts to decay to a finite L-dependent value. The non-monotonic behavior is
intimately connected with the thermalization of the system. Indeed, the long time ex-
pectation values of local observables for thermal systems at infinite temperature should
be unchanged if the system is locally perturbed. The average time in which the decay
of D(t) starts, defines a time scale 7; this is roughly the time at which D(t) changes
concavity and starts to decrease. For times much larger than 7, the expectation value
of a local observable is given by the expectation value over a many-body random state
(ETH at infinite temperature), so that |dp(z,t > 7)| ~ (ﬁ,) T~ e (los2)L Ty the
localized phase, the finite-size effects become more important, and for smaller system
sizes it could seem that D(t) has an unbounded slow growth similar to the localized
phases for the non-interacting models. However, a careful analysis shows that the sat-
uration value is merely an exponential decay such as in the extended phase, consisted
with Doy ~ L(]{“,)_ﬁ/ (inset, Fig. 4.12 (b)). Compared with the ergodic phase, in the
localized phase the exponent v is small, so that for the considered system sizes, the
behavior of Dy, is dominated by the linear prefactor L. In the thermodynamic limit we

expect that the final shape will be similar to the one in the ergodic phase, so that D(t)
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FIGURE 4.12: D(t) for the spinless disordered t-V chain for different L and two values
of W. (a) W = 1, the inset shows D(¢t) for L = 24 to underline its non-monotonic

dependence on t. (b) W = 6, the inset shows DT” as function of L, it decays exponen-

tially fast with L, 5T°° ~ ( ]6)_7. The averages have been performed over 10* random
configuration for system size L < 14 and 5000 for L = 16 and 2500 for larger system
sizes.

will eventually also decay with time at long times. Note that the time scale at which this
decay will take place is extremely large; the limitation on system size does not allow us
to estimate an upper bound of the time scale 7, which leaves open the possibility that
7 might shift to infinity with increasing L. The behavior of D4, in the localized phase
is reminiscent of the long time “volume-law” saturation of the entanglement entropy
S(t) after a quantum quench. The distinction between the ergodic and the MBL phase
lies only in the numerical value of the prefactor in front of the saturation value of S(t)

(Chapter 2), while the scaling with L is the same in both phases (volume law).

We repeated our analysis for other values of W. Figure 4.13 shows the behavior of D(t)
for different system sizes in the two phases of the t-V chain. For W = 2, the system is
in the ergodic phase, and D(t) exhibits the same non-monotonic behaviour as a function
of t as for the case W = 1. For D(t) in the localized phase (W = 5), finite-size effects
are important. Indeed, it is not possible to see the non-monotonic phase even in the
ergodic phase for system sizes smaller than L < 16. However, Fig. 4.13 gives evidence
that in both phases, Dy, ~ L(ﬁ,) 7. In the ergodic phase for W = 2, v = 0.26. In
the localized phase for W = 5, the exponent v = 0.1. The exponent is small so that
for system size L < 16 the behavior of the function L(ﬁ) "7 is dominated by the linear
part L. Nevertheless, if this scaling persists in the thermodynamic limit, D(¢) in the

long-time limit will go to zero.
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FIGURE 4.13: The top panel shows @ for W = 2 (ergodic) and W = 5 (localized)

for the interacting t-V chain for several system sizes L. The bottom panels show that
L)*V

in both phases ? ~ (N

4.3.3 An effective model for many-body localized systems

In this section we introduce a general method which reproduces quantitatively and
qualitatively the exact results of a many-body localized system in the limit of strong
disorder. This method allows us to study system sizes and time scale that so far have

not been observed in numerical simulations.

First, studying the growth of the entanglement entropy following a global quantum
quench (Chapter 2), we show that this method is reliable in the limit of weak interactions
(W/V > 1). Second, we confirm our speculation from the previous section: indeed,
finite-scaling analysis suggests that in the MBL phase Do, ~ e~*¥. Nevertheless, due to
limitation of available system sizes, we were not able to see the time scale in which D(#)
starts to decay. Thus, in this section using our method we are able to give evidences of

the existence of a time scale for which the decay of D(t) occurs.

Using first order perturbation theory on the interaction strength V' (first order in the

eigenenegies of 7:[), it is possible to obtain the following effective Hamiltonian

H =S "eifin+ V'Y B inithyiim, (4.17)
l

lm
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where ﬁ;r = ¢l(i)é;f with {¢;} and {¢} respectively the single-particle wavefunctions

and the single-particle eigenenergies. The dephasing coefficients B; ,,, are given by:

Bim = ) _61(1)m(D)61()ém (5) = [60(0)*|ém ()], (4.18)
(i,4)
since the single-particle wavefunctions are localized in space, after a suitable relabeling
of the indexes (I, m), we have
By ~ e~ 1l=ml/&oc (4.19)

The model Hef is in this representation a classical Ising model, and it is integrable
(Chapter 2). Its eigenstates are the Slater-determinant states of the non-interacting
model (V = 0).

The Heisenberg equation for the creation operators {ﬁ;} reads

dyl
% - i[HeH7 TA]ZJ[]
t (4.20)
= i€ +1V Z(Bm,l =+ Bl,m)ﬁ;rnﬁm7
m
defining Bl,m = Byn, + Bim the solution of Eq. 4.20 is given by
ﬁz'(t) — e+itel+itvzm Bl,mnjnnmn;' (421)

Knowing the time evolution of the operators {n;}, we can calculate easily the time

expectation value of local observables (e.g., fi;).

As described in Chapter 2, the role of the term Zl’m Blymﬁzrﬁlﬁjnﬁm is to exponentially
weakly correlate the eigenenergies of the non-interacting case, and reproducing the de-
phasing mechanism in an interacting localized phase. Figure 4.14 shows the average
entanglement entropy S(t) calculated evolving a charge-density state (Hévzl cg s ]0)) first
with the Hamiltonian 7{ (solid-lines) and then with the effective model HeF. The effec-
tive model reproduces qualitatively the unbounded growth of the entanglement entropy
observed in interacting localized systems. Moreover, the relative error between S(t) cal-
culated with #H and with 7% is a bounded function of time, implying that our method
reproduces the exact results also qualitatively. It is interesting to note that despite being
a perturbative expansion in V', our method reproduces the entanglement growth also
for longer times than the range of validity of perturbation theory. A similar observation
has been done also for L£4(t). It seems that perturbation theory is extremely stable in

a localized phase.
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FIGURE 4.14: The panel shows the bipartite entanglement entropy S(t) after a global
quantum quench for several systems sizes. The S (t) has been calculated using the exact
Hamiltonian # (solid-lines, exact) and the effective model H*# (dashed-lines, approx.).

Having shown that our model is suitable to study many-body localized systems, we

now focus on |p(z,t)| using H. In the previous section we predicted the existence of

a time scale 7 in which D(t) = Y, |p(z,t)| changes concavity and starts to decrease.

Figure 4.15 shows |p(z,t)| calculated using the effective model for a fixed system size
L = 96, and fixed disorder and interaction strengths. Figure (a) 4.15 shows a clear
change in the concavity of |p(z,t)| with time. This result confirms the existence of a
time scale 7., in which |p(z, )| starts to decrease. Moreover, the time has been rescaled
to show that log 7, ~ = (z is the distance from the perturbation). Figure (b) 4.15 shows
that log 7, ~ 5133, here flgi is single-particle localization length which has been calculated
using the transfer matrix technique (Chapter 1). Finally, we find the complete scaling
form 7, ~ e%/8oc. Indeed, T, must be proportional to the time scale in which the site z
starts to be entangled with the site = 0 (site in which the system is perturbed) and

so losing information about the existence of the perturbation,

B0y =1 = TS 2 1. (4.22)

Furthermore, also the two-point correlation function
Ca(t) = [{Paho) — (Rz)(f0) (), (4.23)

shows a similar behavior like as |p(z,t)]. Figure 4.16 shows C,(t) calculated with He//.
Figure (a) 4.16 shows in a color plot the logarithmic light cone giving indications that

correlations grow logarithmically with time as expected if S(¢) ~ log(t). Nevertheless,
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FIGURE 4.15: Panel (a): shows [p(z, t)| calculated using He for a fixed system size L =
96, disorder strength W = 6 and interaction strength V' = 6 for several . The time has
been rescaled to show that log T ~ x (7,: time scale in which |p(z, t)| changes concavity
and starts to decrease). (b): shows |p(z,t)| for a fixed x (z = 3) for several disorder
strengths W. It shows that logm, ~ 5170,%. For both panels e = 0.05 (perturbation

strength).
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FIGURE 4.16: Pannel (a): shows the logarithmically light-cone calculated using the

Cy(t) for the effective model. Pannel (b): shows C,(t) as a function of time, the time

has been properly rescaled to get the collapse of the curves. It also shows the non-
interacting case (V = 0) (dashed-line). For both panels L = 48.

there exists a time in which also C,(t) starts to decrease, as shown in Fig. (b) 4.16.
Moreover, Fig. (b) 4.16 shows the non-interacting case (V' = 0), in which C,(¢) does
not decay. Thus, the two point correlation function could be a local measurement to

distinguish an Anderson insulator from an interacting localized phase.
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Recapitulating, our method gives strong evidence that the decay of the DLDP is only

due to the dephasing mechanism, as we conjectured in the previous section.

4.4 Summary

In this chapter, we probed the effects of local perturbations on the dynamics of several
disordered systems by studying the Loschmidt echo (LE) and the difference of the local
density profile (DLDP). First, with a combination of analytical arguments and exact nu-
merical simulations, we showed that the LE in the localized phase decays algebraically in
time. Furthermore, we found, for the non-interacting models, that the exponent of the
algebraic decay is proportional to the single-particle localization length, which diverges
at the localization-delocalization transition. In the extended phase, the LE decays expo-
nentially fast with time. The faster exponential decay in the extended phase compared
with the algebraic decay in the localized phase implies that time-irreversibility is more
strongly manifested in the extended phase than in the localized phase, at least for local
perturbations. Second, we studied the DLDP for the same models, and we found that
the long-time behavior saturates algebraically with system size in the extended phase of
the Aubry-André-Harper model, while it never relaxes for the non-interacting localized
phase. For the DLDP in the spinless disordered t-V chain, the relaxation is exponential
in system size in both phases: in the ergodic phase this is due to thermalization, while in
the MBL phase it could be due to the interaction-induced dephasing mechanism which
also explains the long-time saturation values of the entanglement entropy after a quan-
tum quench. We give evidence of our conjecture, testing it in an effective model. The
study of the change in the expectation values of local observables when the system is
perturbed, gives a different perspective concerning time-irreversibility as opposed to the
LE. Indeed, the long-time expectation value of local observables in a thermal system at
infinite temperature should be unchanged if the system is locally perturbed. We gave

numerical evidence that this also happens in the MBL phase.
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In the next two chapters studying the quantum dynamics of an MBL system and of the
Anderson model on a random regqular graph, we will inspect the existence of an
intermediate phase composed by multifractal states. These two models are intimately
connected, due to the map between localization in Fock space and Anderson localization
problems on hierarchical tree-structures. We question the existence of the intermediate
phase for the MBL problem. We give indication of the possible existence of a

multifractal phase for the Anderson problem on a random reqular graph.



Chapter 5

Subdiffusion, mobility edges, and
finite-size effects in many-body

localized systems

In Chapter 2, we have discussed that the MBL transition for some values of the disorder
strength can also occur as a function of energy density. In other words, for values
W < W.(e = 0.5), the energy density spectrum of the system is divided in two parts:
a part hosting delocalized (ergodic) eigenstates while the other one contains localized
eigenstates. Moreover, as we discussed in Chapter 2, W. De Roeck et al. in a work
entitled “Absence of many-body mobility edges” [42] claimed that the MBL transition
can not happen as a function of energy density. In their work, using an argument based
on perturbation theory, they indicate that local-fluctuations in an eigenstate will create
hot-bubbles which will destabilize the localized phase. Furthermore, they also point out
several mechanisms which could make the theory fail. This theory is in contrast with
most of the exact numerical simulations (Chapter 2). Nevertheless, since numerical
simulations can only be performed on relatively small system sizes, the validity of this

theory in the thermodynamic limit is still not settled .

Moreover, numerical simulations in one-dimensional chains show that the transport close
to the MBL phase within the ergodic phase could be subdiffusive [15, 60, 94, 96, 150],
contradicting the expected diffusive transport behavior in a metallic phase. A phe-
nomenological theory has been proposed to explain this unexpected anomalous propa-
gation [60]. It has been claimed that the reason could be due to rare highly disordered
regions (Griffiths regions) where the transport would be extremely slow. Nevertheless,
this theory seems incomplete, since this subdiffusive dynamics has been observed also

in an MBL model in which Griffiths regions are not possible (i.e. Aubry-André-Harper
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model with short range interactions) [88]. This slow dynamic has also been observed for
two dimensional systems [89], in which even the existence of Griffiths regions would not
change the transport properties [151]. Additionally, two works [73, 139] show that the

transport could indeed be diffusive.

In this chapter, with the aim to shed light on these two issues, we study the dynamics
of an MBL system, restricting the dynamics only to selected windows of energy density.
This chapter is organized as follows: In the first part we describe the model and the
quantities considered to study the observed slow dynamics on the model. We focus on

finite-size effects and we point out their importance.

5.1 Model and methods

We consider again the t-V model (Chapter 2)

L/2—2 L/2-1

N t 1
—_ - AT A no_
H = 5 Z CLepy1 + hoc. + Z o (nx 2)
r=—L/2 x=—L/2
L/2-2 . 1
+V Y <nx - 2) (ﬁxﬂ - 2) : (5.1)
z=—L/2

where L is the system size, x=1, ..., L, with hopping (¢ = 1) and interaction (V') between
nearest neighbors. The uncorrelated on-site energies {1, } are being drawn from a box
distribution [—-W, W]. We work at half filling and with open boundary conditions. For
V = 1.0, the MBL transition is believed to be at W, = 3.5 (Chapter 2). We investigate
the charge propagation focusing on the delocalized region near the MBL transition. A
common description of relaxation dynamics employs the density propagator (C(r,t) in

Chapter 2), II(z, t), that takes a simple Gaussian shape for diffusive systems:
(x, t)=e 2@/ 22)? )\ /ar Az (t), Ax(t)=vDt, (5.2)

where D is the diffusion constant. As we discussed, aiming at the many-mobility edges
(MBME)s, we actually study a variant of it, II.(x,¢), that resolves the contribution to
I1(z,t) stemming from many-body states with energy densities €. The specific correlator

II.(x,t) is defined via its discrete Fourier space representation:

Hs(q’ t) = (I)E(Qa t)/(bs(q’ t:0+)7 (5'3)
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where the disorder average is denoted by the overline. ®.(q,t) is the Fourier transform

of the energy-projected density relaxation functions

De(a,t) = [(Az(t)o)e — (Mz)e(Ri0)<] O1). (5-4)

The discrete Fourier transform of {z,} is defined by: y, = Zﬁ;g Tpe q:@ and

lattice spacing a=1.

The projection onto a narrow spectral range near ¢ is facilitated by taking the expecta-

tion value of an operator (O), = Tr[Op(e)] with

) e+Ae/2 / N
) =N / de'S " ey — ) al, (5.5)
€ 0%

—Ae/2

where |y) denotes the eigenstates of the Hamiltonian (5.1) with energy density
gvz(Ev_Emin)/(Emax_Emin)7 (5.6)

where E, are the many-body energies and Epax, min denote the extreme values of the
energy spectrum. A represents the number of states in the energy density window
Ae, and it is exponentially large in L. By definition, II.(¢=0,¢)=1 and for a conven-
tional diffusive system we have a Gaussian shape, 1. (g, t)= exp(—(Ax.(t)q)?)O(t), with
Az.(t) = v/D.t. For the time evolution, Eq. (5.4), we employ a standard Chebyshev-
polynomial propagation (Appendix A); traces over operators are performed stochasti-
cally as averages over random state vectors. The approach owes its efficiency to the fact

that disorder averages converge very rapidly with the number of random states.

5.2 Mean square displacement

We begin the analysis of the propagator II.(x,t) with its second moment in real space,

L/2-1
Azc(tP’=(a?). — (2)2, (@M= Y  a" (z,1).
xz=—L/2
Figure 5.1 (al-a3) shows the Ax.(t) at W = 2.5 for both interacting (V' = 1, dashed
line) and non-interacting (V' = 0, solid line) case for several values of energy densities
(e = 0.1,0.5,0.875). For these parameters the many-body mobility edges (MBMEs)
have been reported near € ~ 0.2 and near 0.8 with a delocalized regime in between [95],

as is also explained in Chapter 2. Figure 5.1 (al-a3) carries several messages:
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FIGURE 5.1: (al)-(a3) The time evolution of Az (¢t) at W=2.5 and V=1 near the
lower band-edge (upper row, £ = 0.1) in the center region (center row, 0.5) and near
the upper band-edge (lower row, 0.875) for system sizes L = 16, 20,24 (dashed traces
blue, red, green). Also shown are non-interacting reference traces for L=16,20 (V=0
solid lines). (b1)-(b3) Re-plotting (al)-(a3) as dlnAz.(t)/dInt over Ams(t)/Axéo)
to highlight finite-size effects. Inset shows the blow up of the (b3) data for better
visibility of trends including system sizes L = 16, 18,20, 22,24 (bottom to top). (cl)-
(c3) Probability to return to the origin. The legends in this column also give the three
system sizes in units of the bare localization length. (In all calculation we fix the width
of the energy window Ae = 0.1)

1. Finite size effects are very strong, indeed the system size, L, exceeds the non-
interacting standard deviation, Aa:éo) (saturation value in time for V' = 0), by a
factor of 10-15 (=~ L/ Aacgo)), but nevertheless the growth of Az.(¢) changes with

L by as much as 30%.

2. The interaction mediated delocalization process is very slow. Even after a time
that typically corresponds to 0.1% of the inverse hopping (t~! = 1) the width of

the wavepacket has grown by less than a factor of two as compared to A:cgo).

3. Depending on the spectral window, the transient dynamics is quite different. In
particular, the spreading of II.(z,t) is enhanced by the interactions at low energy
densities while it is hindered at high densities as compared to the non-interacting

reference case.

5.3 Flowing of the dynamical exponent

In this section we quantify the time dependence of Ax.(t) studying the exponent scaling
function .(t), which is defined by:

dlog Ax.(t)

B:(t) = ~dlogt (5.7)
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which at long times quantifies the rate of growth of Az.(t) oc t%(=%) For diffusive
systems (. (t = oco) = 1/2, while B.(t = c0) < 1/2 for subdiffusion. Figure 5.1 (b1-b3)
shows the S —function as a function of Az.(t)/ Améo). It very clearly highlights the fact
that beyond a certain transient time, 7. (set by the kink position), a slow dynamics sets
in which reveals itself by a high degree of sensitivity to the system size, L. Always in
Fig. 5.1 (b1-b3), all traces of .(t) experience a kink with a position evolving with the
energy density € that does not collapse after rescaling of the abscissa with A:céo). While
the range of L-values available to us is not sufficient to study the asymptotic limit (in
L and t), our data nevertheless gives a non-vanishing lower bound for 5.(¢) and hence
indicates delocalization, at least near the band-center. With this caveat, we notice that
the qualitative behavior seen in all energy ranges is the same: with L increasing, there is
a pronounced trend for 5.(t) to grow (at fixed long time), see Fig. 5.1 (b1-b3) and inset.
Strictly speaking, we thus find no evidences for an upper bound to 3. below the diffusion
limit 1/2, i.e. for genuine subdiffusion. Moreover, the growth (with L) being similar
in all energy windows, suggests the lack of MBME at W=2.5 for the energy-densities
inspected. The picture is similar for other choices of W (< 3.0). Indeed, Fig. 5.2 shows
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FIGURE 5.2: Time dependence of the exponent S5.(t) = dln Ax.(t)/dInt for different

disorder W = {2.0,2.5,3.0,3.5} and system sizes (L=16,18,20,22) at four different

energy densities ¢ = {0.1,0.125,0.5,0.875} with Ae = 0.1 and V' = 1.0. Inset: Shows

the same data as fourth column but zoomed for better visibility of the trend in the data
with increasing system sizes.
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the evolution of the [.(t) over Axg(t)/Axgo) for L = {16, 18,20,22}, at four energy
densities and four disorder values close to the MBL transition (W = {2.0,2.5,3.0,3.5}),
which is believed to be around W, = 3.5. For these data we usually perform around
106 disorder realizations for small system sizes (L < 20), while for larger system sizes
the data is averaged over around 10* disorder samples. Furthermore, we give a detailed

analysis of 5:(t) for several values of W and e.

1. e=0.5:

Figure 5.2 (3rd column) shows the result for values in the middle of the spectrum.
In this regime the data clearly indicates that the dynamics is (transient) subdif-
fusive with an (effective) exponent, 5:(¢) < 1/2, which depends strongly on the
system size L. The L—dependence is reflected via the upward movement of the

B:(t). We interpret this systematic trend as an indication to delocalization.

2. £ =0.1,0.125:

Fig. 5.2 (1st, 2nd column) shows the evolution of the exponent §.(t) for different
system sizes in the low energy density regime. Previous studies assigned this region
to be many-body localized (at W 2 2.0, V = 1.0) as we have shown in Chapter 2
(Fig 2.9). However, for disorder strength below W < 3.5, the upward trend seen
with these curves is similar to the one in the band center, suggesting the presence
of a (slow) delocalization mechanism, which is inconsistent with the assignment to
the MBL phase and the existence of a mobility gap in this parameter range. The
proliferation of statistical noise precludes a further analysis about whether or not

at even larger disorder, an MBME could exist.

3. € =0.875:

At disorder values below W < 3.0 a systematic delocalizing trend at largest times
is seen, which we interpret as an indication of a very slow delocalization mech-
anism (Fig. 5.2, 4th column). Concerning statements about MBME at larger
disorder values, we consider our data to be inconclusive due to strong statistical

fluctuations.

Recapitulating, at larger disorder and close to the transition, WaW.,, the situation is
numerically less conclusive due to residual statistical noise. Moreover, we have ascer-
tained that our choice of the width Ae of the energy density shell was sufficiently narrow
so that our results for Il (x,t) and its variance are (essentially) independent of it. In
Fig. 5.3 we show the evolution of the exponent /3.(t) for two different values of the width
Ae = 0.1,0.2 of the box function at energy density ¢ = 0.25. The data is averaged over
> 10* disorder configurations. As it is easily deferred from the figure, the curves are

almost indistinguishable from each other. For this reason, we choose Ae = 0.1.
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FIGURE 5.3: Evolution of the exponent S.(t) = dlnAxz.(¢t)/dInt for different val-
ues of the width of the energy density Ae for L = 16 and disorder strengths
W ={2.0,2.5,3.0,3.5} and £ = 0.25.

5.4 Return probability

In the previus section, we studied the mean square displacement, which is a global quan-
tity. In this section, we study the return probability, which is a local probe. In one dimen-
sional diffusive systems the return probability associated with a spreading wavepacket
relates to the variance I1.(0,¢) ~ 1/Ax.(t), merely stating that the wavepacket is in-
ternally homogeneous. The data displayed in Fig. 5.1 (c1 - ¢3) does not adhere to this
fundamental idea: II.(0,?) is close to stationary and therefore does not follow the 1/Ax.
law, most clearly seen in the low and high energy density regimes. This observation finds

a natural explanation adopting the idea of strong disorder induced fractality.

Indeed it is well known that in the presence of (multi-)fractality the return-probability
can be enhanced, I1.(0,¢) oc Az, with 0 < o < 1 [75]. A very slow decaying return
probability can therefore also indicate a fractal-type behavior, i.e., a. being significantly
smaller than unity. Unfortunately, it is very challenging to extract «. reliably from our
data, because our observation window for Az.(t) /Aasgo) does not exceed a factor of
2-3. Nevertheless, we still report a possible fitting for all values of W and e which
have been study. Fig. 5.4 shows the evolution of the II.(0,¢) over Awe(t)/Aafgo) for
L = {16, 18,20, 22}, at four energy densities and four disorder values close to the MBL
transition (W = {2.0,2.5,3.0,3.5}). The slow decay of the return probability is clearly
visible for disorder values not too far from the transition. A power law fit of the data
is also provided to highlight the slowness of the decay. However, due to the small time
window (only a factor of 2 in Axz.(t)/ Axgo)) the fit is not completely reliable and should

be taken only as a guide to eye.
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5.5 Density propagator

In the previous sections to characterize the slow dynamics, we studied two quantities, a
local probe (return probability) and a global probe (mean square displacement). Never-
theless, only these two quantities are not able to describe completely the full propagation.
Hence, to better understand the transient subdiffusive behavior, here we look at the time
dependence of the full distribution function, II., both in real and ¢-space. Figure 5.5
(al-a3) displays a density-propagator Il.(z,t) that is far from Gaussian. To highlight its
shape (curvature at small g,large x) we rewrite II.(q, t) employing an (inverse) memory

kernel, kc(q,t),
Me(q,t) = (1+¢*/re(a. ), (5.8)

where —agﬂs(q,tﬂq:o = 2/k(0,t) ~ Azc(t)%2. A numerical example can be read off
from Fig. 5.5 (b-c). It displays k. at three different energy densities at intermediate
disorder strength W=2.5. Notice that the non-interacting kernel, /igo)(q,t), is rapidly

growing with wavenumber, ¢ (Fig. 5.5(b1-b3)). This behavior reflects the presence of
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FIGURE 5.4: Time dependence of the return probability II.(0,¢) in double log scale

for different disorder W = {2.0,2.5,3.0,3.5} and system sizes (L=16, 18, 20,22) at four

different energy densities ¢ = {0.1,0.125,0.5,0.875} with Ae = 0.1 and V = 1.0. The

solid line serves as a guide of a power-law fit and also an estimate of the corresponding
exponent o is provided.
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FIGURE 5.5: (al)-(a3) The density propagator Il (z,t¢) in the delocalized regime
(e=0.1,0.5,0.875, W=2.5, L=24) at two times t=40, 100. The log-normal plot illus-
trates non-Gaussian shape. Solid line in (a3) shows a stretched exponential fit with an
exponent = 0.7. (b1)-(d3) The corresponding memory kernel k. (g,t)=¢*/(II-*(g,t) —
1), see also (5.8), for the case without (b1)-(b3) and with interactions (c1)-(d3). The
structure at larger wavenumbers illustrates the (non-exponential) short-distance behav-

ior. The absence of effects in time (and system size, not shown) highlights the localized

character of the non-interacting kernel ngo). In contrast, the evolution of the interacting

kernel is the hallmark of delocalization. (d1)-(d3) Shows the L-dependence of k. ().

a short-distance cutoff, a, such as the lattice constant, terminating the long-distance,
exponential tail. It exists in a similar way also in the interacting kernels k.(q,t) (Fig. 5.5
(c-d)). Moreover, we can notice that k. in Fig. 5.5 (b1,b3) exhibits small oscillations
in ¢ that result from the finite system size. We would like to draw attention to a small
additional feature that emerges for the high-energy kernel at very small wavenumbers;
as seen in Fig. 5.5 (¢3) with increasing time a cusp develops. It could be seen as a
precursor indicating a stretched exponential shape in real space and the corresponding
fit is shown in Fig. 5.5 (a3). The propagator can also be studied in the xz-space. Indeed,
Fig. 5.6 shows the distribution function II.(x,t) in real space taken in the subdiffusive
phase at high energy density in the vicinity of the MBL transition. In the tail region a
weak upturn is seen that indicates deviations from a simple exponential behavior. We
describe the data on a phenomenological level employing a stretched exponential, three
parameter fit Il (z,t) ~ exp(—|z/£|"). Indeed, the fitting suggests that the exponent 7

is significantly smaller than one, n ~ 0.7.

5.6 Numerical Tests

In this section we give few numerical tests, showing that our approximated methods

are faithful. As we discussed, we have studied the energy-projected density relaxation
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FIGURE 5.6: Distribution function II.(x,t) in real space exhibiting a decay slower
than exponential in the tail region. Solid line represents a stretched exponential fit,
exp(—(z/&)"), with fitting parameters n ~ 0.7,£=0.464 + 0.12. For comparison, the
dotted line indicates a simple exponential. (Parameters: ¢ = 0.875, L = 24, W =
2.5,V = 1.0 at an intermediate time ¢ = 100.) We have also shown the corresponding
data for L=16 (green symbols) to ascertain that finite-size effects are negligible.

function

Dc(2,t) = [(Az(t)720)e — (M1z)e(M0)] O(2), (5.9)

where (O). = TrOp(e), and j(e) projects into a narrow spectral range near energy
density € with width Ae. To calculate the two-point space-time correlator Eq. (5.9) for

large systems (L=24) and long times (~10?), we use three approximations:

1. The density matrix p(e) is constructed using Chebyshev polynomials.

2. The energy projected trace denoted via the angular brackets (...). is evaluated

stochastically.

3. The time evolution is performed employing a standard kernel-polynomial method

based on Chebyshev polynomials (Appendix A).

5.6.1 Chebyshev-representation of the density matrix j(¢)

For the numerical evaluation we represent the density matrix p(e) as a simple function
of the Hamiltonian #{ (H is the rescaled 7{ so that its energy density is between {0,1})

in the following way,
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FIGURE 5.7: Convergence of the variance of the density propagator with respect to the
number of moments, M, used in Eq. (5.11). R defines the number of random vectors
taken for the trace evolution. Only 16 disorder samples are taken for averaging.

A(E _ R[E—AE/2,5+A8/2] (H)
Tr R[E*AE/Z,&#’AE/Q} (,H) 7

(5.10)

where Ry, () is the box function of unit height in the interval [a,b]. We approximate

p(e) as a truncated Chebyshev series,

SN Zi\ioﬂiTi(ﬂ)
pe) = TS M T () (5.11)

where {T;(z)} denote the Chebyshev polynomials. M denotes the order of the expansion

taken sufficiently large (M > 3000) to assure convergence Eq. (5.11) (see also Fig. 5.7
1

right panel). The expansion coefficients {s;} are given as follows: g = - (arccosa —

arccosb), p1 = 1(vV1—a? — V1 —12), pn>2 = —=(sin (arccosnb) — sin (arccosna)). In
Fig. 5.7 we display the convergence of the time evolution of our main observable, the

variance Ax,(t), with respect to the number of moments in the sum Eq. (5.11).

5.6.2 Stochastic trace evaluation and convergence

The expectation values <(§)‘E of an operator O has been calculated using stochastic trace
evaluation. The idea is to represent a trace as an average over an ensemble of random

state vectors {|r)},:

=)

1

(0). ~ = (r|p(e)O|r), with R> 1. (5.12)

Il
o

Truncating the sum at an upper cutoff, R, for global variables the relative error decays
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FIGURE 5.8: Trace evaluation: comparison between exact and stochastic methods
for TI.(¢q,t) and Axz.(t)). (Parameters: L = 14, middle of the band ¢ = 0.5 and
W =3.0,V = 1.0). (a) Density propagator II.(g,t = 40) in ¢g-space for a single disorder
realization. The (green) dots represent the exact data calculated using the full trace
employing exact diagonalization; the dashed lines are evaluated with different number
of random vectors R = {2,8,16} (blue, black, red) employing the stochastic trace
formula (5.12). (b) Density propagator II.(q,t) averaged over 16 disorder realizations.
As can be seen, the average of II (g, t) over the disorder realization converges rapidly
in the number R of stochastic state vectors as opposed to Il.(q,t) taken for a single
disorder realization. (c),(d) A similar trend is also visible with real space data, here
shown for the second moment of II.(z,t): (Az?(t)).
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FIGURE 5.9: Shows the variance Ax.(t) for three trace vectors R = {2,8,16} after a
small disorder averaging Ng;s = 32 for two different system sizes L = 16, 20.

as 1/vV®DR (central limit theorem), with © denoting the dimension of the Hilbert space.
Hence, the stochastic trace evaluation is more efficient in very high dimensions (for
variables that sample the full system size). In our case, © is exponentially large in the
system size, L, and is given by (]{7), N being the particle number. For smaller system
size, L < 20, we typically use R=16 random state vectors, while for larger system sizes
we only keep R=2. The convergence properties are illustrated in Fig. 5.8 (a). The
plot displays a comparison between the stochastic trace estimate and an exact trace
evaluation. As is seen there, the convergence properties of the distribution Il (g, t) with
R are actually quite poor; at R=16 deviations are still of the order of a few percent.
However, note that the convergence with R is drastically improved for the traces averaged
over the disorder ensemble, i.e. for @ Fig. 5.8 (b) shows that even for a relatively
small ensemble of Nyis=16 samples a good convergence is reached already with R=2.
The same behavior is seen at all times. To illustrate this we display similar data also

for the variance, Az.(t). Again, the disorder averaged variance converges very rapidly
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with the number R of random states kept for the trace evaluations. Figure 5.9 further
illustrates the dependence of the variance on the averaging over trace vectors, now for
two larger system sizes. As it is clear from both plots, the variance is well approximated
at all times with only a small number of trace vectors. With increasing system size and
improving disorder average the trace approximation becomes progressively efficient, this

is because the error scales as o< 1/vD.

5.7 Summary

In this section we summarize the results of this chapter:

1. Within our observation window, Il (z, t) exhibits a very pronounced non-Gaussian
spatial shape that decays in a (simple) exponential fashion or even slower. It
is tempting to associate this finding with the stretched exponential behavior of
correlations that has been proposed to exist due to fractal Griffiths regions in the

localized phase near the phase boundary.

2. The time dependence of its width Az.(t), is very sensitive to the system size, L.

In order to highlight the effects of finite size in the time evolution, we studied

dlog Az, (t)
dlogt

times [3.(t) grows in a subdiffusive manner with values (.(t)<1/2 consistent with

the dynamical exponent . (t) = . In the ergodic phase at intermediate
other reports [15, 60, 94, 96, 150]. However with increasing time, .(t) becomes
progressively L-dependent. At these longer times a similar tendency of growing
Be(t) (with L) is observed in all spectral windows at low, intermediate and high
energy density. This strong growth prevents us from confirming the existence of
genuine subdiffusion that would exhibit a time-independent exponent S.<1/2. We
detect a slow growth of S.(¢) even in those regions of the phase diagram that have
been identified previously as localized. Thus, the delocalized phase is larger than
reported previously [95], which is associated with a very slow collective dynamics.
Such a behavior is not entirely unexpected, perhaps signaling the breakdown of

localization due to “hot bubbles” [42].

3. For the probability II.(0,¢) to return to the origin one might have suspected
I1.(0,t)ocl /A, (t), suggesting II.(0,t) oc t~P<(t=)  Instead, our data indicates
that the subdiffusive transients behavior coexists with an elevated return proba-
bility consistent with (possibly transient) weakly ergodic phases with fractal phe-
nomenology, I1.(0,) oc Az.(t)7* and 0 < o, < 1.

These results are summarized graphically in Fig. 5.10. Due to the finite resolution of

our simulations, we could not rule out the possibility of the existence of MBME for low
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FI1GURE 5.10: A qualitative phase diagram of different dynamical regions in the disorder

energy density plane of the t-V model. At disorder strength W below the many-

body localization transition W, we propose a transient subdiffusive, weakly ergodic
dynamical regime with an anomalously slow decay of the return probability.

energy density values, thus this region of the phase-diagram (Fig. 5.10) has been left

uncolored (white).

Based on these findings we propose the following scenario: There is a timescale 7.
beyond which a slow dynamics kicks in together with diffusive behavior. Approaching
the MBL transition from the delocalized side, this time scale diverges; simultaneously,
B:(t) at times t<7. is rapidly decreasing, which might suggest a small value of 3. at the
MBL transition. In this scenario, the critical fixed-point would carry excited states that

exhibit phenomenological features reminiscent of (strong) multifractality [51].

We conclude with two remarks relating our results to the most recent literature and

with a problem that we will describe in the next chapter (Chapter 6).

1. Consistent with our findings, also Serbyn et al. observe very strong finite size
effects in their study of the Thouless energy [132]. Like us, they interpret their
results as indicating that the system sizes are too short for observing the asymp-
totic thermalized behavior. Unlike us, they go a step further proposing that the
numerical data at small system sizes (below L=20) already reveals hydrodynamic
properties of the critical fixed point, such as multifractality. This conclusion for us
is difficult to draw, because one would expect system size independent exponents

in the critical window, which we don’t observe.

2. Studies of Anderson localization of random regular graphs (RRG) (Chapters 6)
show the possible existence of a multifractal phase [7, 41, 82]. Nevertheless, recent

woks [57, 145] give indications that this phase could be a finite size effect, and that
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with increasing system size ergodicity will be restored. When interpreting Az, ()
as an effective system size, then the transient subdiffusive behavior observed by

us finds a natural interpretation within the RRG-perspective.



Chapter 6

Typical versus mean properties as
a sensitive probe of multifractal

states

As we have seen in the previous chapter (Chapter 5), an intermediate phase has been
argued to exist for one-dimensional MBL systems, in which the transport is subdiffusive.
We have questioned the existence of this phase, showing that the exponents characteriz-
ing the subdiffusive transport do not converge for the available system sizes, thus leaving

the possibility to have diffusive transport in the thermodynamic limit.

Moreover, as discussed in the introduction (Chapter 2), an MBL problem can be mapped
onto an Anderson problem in Fock space (tree-like structure). This mapping has con-
structed a fundamental link between Anderson localization in hierarchical tree structures
and many-body physics [6]. In Chapter 1 we have also discussed the Anderson prob-
lem on the Bethe lattice and we have shown that a localization-delocalization transition
(Anderson transition) occurs. A Bethe lattice has a special tree-like geometric structure
(Fig. 1.2), and it is free of loops. Moreover most of its sites lie at the boundary, thus in
principle different choices of boundary conditions could drastically change the physics
of the system. A random regular graph (RRG) is a tree-like structure Fig. 6.1, which
locally looks like a Bethe lattice, but without a boundary. Indeed, it is possible to obtain
a RRG from a Bethe lattice by randomly closing its boundary condition, but keeping
the local connectivity of the graph fixed. The RRG has an Anderson transition at the
same disorder strength of the Bethe lattice (Eq. 1.27) [82]. The structure of a RRG is
similar to the structure of the graph in Fock space (GFS) (Fig 2.3) to study an MBL

problem. In fact both have loops, nevertheless there are also differences:
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FIGURE 6.1: Random regular graph with 16 sites and with connectivity equal to three.

1. The connectivity of the GFS grows with the volume of the physical system, while
in a RRG the connectivity is fixed.

2. The site energies in the GF'S are correlated, and typical fluctuations between them
scale as /log® (D is the dimension of the Hilbert space) but the difference of
neighboring on-site energies are of order one, while the on-site energies of the
Anderson model on a RRG are uncorrelated and neither their value nor their

fluctuations have any scaling with system size.

In addition to these differences, the MBL problem in first approximation can be mapped
onto an Anderson localization model on a RRG. Recently, it has been proposed that the
Anderson model on a RRG might have a new phase transition [7, 82] between an ergodic
phase, with states spanning uniformly the entire space, to a non-ergodic phase composed
of multifractal states which present strong fluctuations in space (Chapter 1). Neverthe-
less, the existence of this new phase has been strongly questioned giving indication that

it could be just a finite-size effect, and it is still generating an active debate [144, 145].

Understanding the existence of this non-ergodic phase in a RRG could shed light on the
existence of this subdiffusive intermediate phase found in the most intriguing problem of

an extensive interacting disordered many-body system(Chapter 5). In this chapter, we
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study the quantum dynamics of a particle initially localized on one site of the system. We
give a new characterization of multifractal states, emphasizing the importance of space
and disorder fluctuations. The chapter is structured as follows. First, we define the
models. We then explain the methods and the main idea of this new characterization.
Second, we benchmark this characterization with two models having critical states,
the power-law banded random matrix (PLBM) [51, 103] and the Rosenzweig-Porter
random matrix model (RPRM) [83, 124]. Finally, we use the same concepts to study
the Anderson model on a RRG to understand the existence of this putative new non-

ergodic phase.

6.1 Models and methods

We study the Hamiltonian

L
Hi= D haylo)(yl, (6.1)
x7y
represented in the basis of the site states |z), where L is the number of sites in the system.

We consider three different models that have a localization-delocalization transition with

wavefunctions changing properties from ergodic to localized via multifractal ones.

1. The PLBM [51, 103], which is obtained from H (Eq. 6.1) with h,, = hy, =
tey/(1+ (|2 — y|/b)?*)1/2. Henceforth u, , are independent uniformly identically
distributed random variables taken from [—1,1]. This ensemble of matrices pa-
rameterized by a and b have a localization-delocalization transition at a = 1, for
any b. For a < 1, the model shows an ergodic phase and for a > 1 the eigenstates
are power-law localized. At the critical point (a = 1) all the states are multifractal
and the parameter b tunes the multifractal properties of the states from strong
(b < 1) to weak (b > 1) multifractality [90, 102, 103]. There is no mobility edge

in this model, i.e. for any a, b all the states are either extended or localized.

2. The RPRM [83, 124] is obtained by choosing hy, = hy s = iz, /LY/? for x # y,
while for x = y, hy s = piz .. The RPRM, like the PLBM, has no mobility edge,
but it has three distinct phases. For v < 1 all the states are ergodic while for v > 2
all the states are localized at a few sites. For 1 < v < 2 the fractal phase arises [83].
By fractal states we mean that the wavefunctions can be considered ergodic but
in an extensive number of sites being still a zero fraction of the entire system.
The consequence of this kind of multifractality is that the exponents 7, defined
by >, l¢p(z)[*? ~ L= (Chapter 1) have the following form 7, = (2 —v)(g — 1),

where ¢ (x) is an eigenstate of H at site z.
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3. The disordered RRG model which is obtained by taking h, , independent uniformly
identically distributed random variables between [-W/2, W/2|, hyy = hy, = —1
if the sites x,y are linked in the RRG with fixed local connectivity and h;, =
hy. = 0 otherwise. The local connectivity is taken to be three like in Fig. 6.1.
This model is believed to have a localization-delocalization transition called An-
derson transition (AT) at War ~ 17.64 (Chapter 1). Moreover, it is a matter
of discussion [7, 57, 82, 145] the possibility of the existence of another transition
at smaller disorder strength between ergodic states to multifractal states. This
putative transition has been estimated to be around Wgyr ~ 10 (EMT, ergodic
to multifractal) [7, 82]. Consequently, it implies the existence of an entire phase
(Weymr < W < Wyr) composed of multifractal states. The RRG has mobil-
ity edges, thus the spectrum of A depending on the disorder strength can host

separated bands of energies composed of extended or localized eigenstates.

We are interested in studying these different extended phases (ergodic, non-ergodic mul-
tifractal, fractal) by investigating their dynamical properties. In particular, we study

the return probability starting from a state |x), defined by

(& Pape” M Pap|a)|?

R(t) := ~
) 2l Bagla) 2

(6.2)

where Pap := > meap |E)(E| is the projector onto the eigenstates of H whose energy E
belongs to a small energy shell E € AE = [-JFE, §E] around the middle of the spectrum
of H.

The reason to use the projector Pap is to avoid the mixing of states with different prop-
erties. Indeed, for the RRG, AFE has been chosen small enough so that the eigenstates
involved in the dynamics are all extended, while for the other models (PLBM, RPRM)
Pag = I, since no mobility edge is present. The average over matrix ensemble and initial
states |z) is indicated with a overline over the quantities considered. In particular, we
are interested in the mean and the typical values of R(t), defined respectively as R(t)

log R(t)

and e . The scaling of R(t) to zero with the system size L in the long-time limit

is also within our main focus (both typical and mean averages)

0o (= llm — .

Re= i g | RO 03

- 1 T

8 Reo .= lim / elos R gy (6.4)
T—o0 0

These quantities (Roo, elOgR‘X’) provide information on the properties (ergodicity or

multifractality) of the eigenstates belonging to the energy shell AE, since the mean R o,
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FIGURE 6.2: (a) R(t) and €8 as a function of time ¢ for the PLBM in a log-log
scale in the multifractal phase (a = 1,b = 0.5) for a fixed L = 2!*. The dashed lines
are guides for the eyes to emphasize the decay with time is different between R(t) and
s R (b) R(t) and e6R(®) as a function of time ¢ for the RPRM in the fractal
phase (v = 1.25) for L = 24 R(t) ~ €°8R®) ~ ¢~ Em! with Ery, the Thouless’s
energy (Ety ~ L'™7) [83]. (c) K_l as a function of e~1°¢Re for the PLBM in two
different phases of the PLBM: In the ergodic phase (a = 0.5,b = 1) K_l ~ e—m7
while in the multifractal phase (¢ = 1,0 = 0.5) KA ~ e~ 8 Ree with o < 1. The
inset shows the scaling of the typical IPR, versus the typical R(c0). (d) K_l as a
function of e 18R for the RPRM in two phases: in the ergodic phase (v = 0.5) and

in the fractal phase (y = 1.25), in both of them 730071 ~ e log Roo

can be expressed in terms of the inverse participation ratio (IPR) of wavefunctions {¢g}

of 7:[,

Y pear 98@)[*
(P pear l0B(@)?)? (6.5)

Note that contrary to the IPR defined in Chapter 1, R is calculated summing over the

Ro = IPR, =

energy index E. The typical value €2 /PF= of TPR, is not equal to e®2Re in general.
This difference is due to the time fluctuations of R(t). Nevertheless for long-times (of
the order of the saturation value for a finite system) the time fluctuations of R(t) scale

to zero as a function of L. Therefore at first approximation, the corrections due to
logIPR: elogRoo

time fluctuations do not change the L-scaling e . However, the scaling
of TPR, and e8Pl can  in principle, be different depending on the phase. Indeed,

in an ergodic phase the envelope of the wavefunctions {¢g} is in first approximation
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FIGURE 6.3: The figure shows R(t) and €'°2 () in the ergodic phase of the PLBM for
two systems sizes.

uniformly distributed over the entire system (|¢z(x)|> ~ 1/L), thus it does not reveal
strong spatial fluctuations. In this case, we do not expect any difference between the
scaling of mean and typical values. In a fractal phase, like in the RPRM, the magnitude
of wavefunctions in space does not have large fluctuations, since the fractality is only
due to its support, i.e., the wavefunctions are ergodic in a small portion of the entire
system. Nevertheless, in a multifractal phase the wavefunctions {¢g(z)} could have
strong spatial dependence, which could imply a possible difference in scaling with L

between Roo and 08 Reo

6.2 Return probability for the power-law banded matrices

and for the Rosenzweig-Porter random matrices

In this section we study R(t) and its long-time saturation value for the PLBM and

RPRM. We perform the time evolution using exact full diagonalization. At the critical

point of the PLBM, where all states are multifractal, both R(t) and e'°2®R(®) decay

algebraically, R(t) ~ t=®1 and el R(®) ~ =22 Figure 6.2(a) shows the algebraic decay

of R(t) and e°8R() at criticality (multifractal phase). As observed, the two rates of

decay (a1, ag) are different from each other due to the inequality between arithmetic and

) log R(t)

geometric mean a; < ag. Instead, in the ergodic phase (a < 1) R(t) and e decay

asymptotically at the same rate, as shown in Fig 6.3. As a consequence of a different

log R(t)

rate of decay between R(t) and e , in the multifractal phase the saturation values

Roo (Eq. 6.3) and el°8R>~ (Eq. 6.4) may have different scaling to zero as functions of
L, Roo ~ L7P2 and el#Ree ~ L=Pwr (Dy < Dy, < 1), while in an ergodic phase

Dy = Dyyp = 1. Figure 6.2(c) shows Rioo_l as a function of e™1°8Re in a log-log plot
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FIGURE 6.4: Panel (a) shows the probability distribution P(y) for the rescaled random
variable y = IPR,/e'°¢ P+ for PLBM in the ergodic phase (a = 0.5, b = 0.5) for
several system sizes. Panel (b) shows the probability distribution P(y) in the multi-
fractal phase (¢ = 1, b = 0.5), in this case P(y) has power-law tails, indicating that

p———1 —————
IPR, ~ e ®loglPRs with o < 1.

for two different values of a,b. One in the ergodic phase and another in the multifractal
phase. In the ergodic phase Roofl and e 198> scale in the same way as a function
of system size (Roo_l ~ e7198Re)  In a multifractal phase Roo_l and e~198 R gcale

in a different way, Roo | ~ e ol8Re with o = Dy /Dyyp, < 1. The inset of Fig. 6.2(c)

log IPR, as logRoo A,

shows e a function of e8> in a linear scale, giving indication that e
'8 IPRs - Furthermore, from the equality R, = IPR, (Eq 6.5) we have that T PRgg_1 ~

—olosIPR. . - — O e
e~ 08 IPRs with the same o as in Rog = ~ e 08 Reo,

The difference in scaling between the mean and typical value is also possible to observe
in the probability distribution of /PR, (R« ). In the multifractal region the probability
distribution of I PR, becomes long-tailed giving the discrepancy in the scaling between
mean and typical values as shown in Fig. 6.4 for the rescaled random variable y =
IPR,/ elog IPRz Instead, in the ergodic phase the probability distribution of R, has
exponentially decaying tails and it shrinks with increasing system size, indicating that

IPR, ~ P8TPR:,

In the RPRM both R(t) and e°¢R() decay exponentially (~ e~ F™!) in time [83] in

the non-ergodic phase, 1 < v < 2 (fractal phase). In the ergodic phase (y < 1) R(t) ~
eloesR(1) decays algebraically with oscillations. Figure 6.5 shows R(t) in the ergodic phase

for the RPRM. In this case we use a projector Pap = Zne[(l_n)L (14m) L] |En)(Ey| with

9

0 < n < 1. It is possible to prove that R(t) ~ el8R) ~ [sin(6Et)/(6FEt)]? with

0E = gnL(l_V)/Q. Finally, Fig. 6.2(b) shows R(t) and 2R in the fractal critical
log R(t)

region. It provides evidence that both R(t) and e decay exponentially in time with
the same rate E1p. The same dependence on time for mean and typical implies that

their saturation values scale to zero as a function of L in the same manner. Figure 6.2(d)
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FIGURE 6.5: Panel (a) shows R(t) as a function of time ¢ for the RPRM for sev-

eral L. The time has been rescaled with L, since in the ergodic phase the energy-

band enlarges with L. Moreover, in the quantum evolution as been taken only

n = 1/8 of the total number of states in the middle of the spectrum. Panel (b) shows

R(t) ~ [sin(6Et)/(§Et))? (dashed line) for several i (fraction of eigenstates used in the
dynamics).

shows Roo_l as a function of e 1°¢Re for two values of 7, one in the ergodic phase and

another in the fractal phase, in both phases T\’,oo_l ~ e log Roo
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FIGURE 6.6: R(t) for the disorder-free case W = 0 for several system sizes, R(t) ~ t~2.

6.3 Return probability in a random regular graph

In the previous section we have shown that the difference in the behavior between the

mean and the typical value of R(¢) can be used to distinguish ergodic and multifractal
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phases. We now study R(¢) in the RRG, where the existence of a multifractal phase is

under debate mainly because of the two following issues [82, 145].

1. The existence of a correlation length L., that diverges approaching the Anderson
transition (Leor ~ €%/ \/m) [30, 84, 162]. Recently, a different expression for
Leor, Leor ~ €/War=W) hag been proposed [82]. For finite systems of size L
smaller than L., the wavefunctions could share properties of both localized and

ergodic states and thus they could be mistakenly classified as multifractal.

2. Even for L > L¢o, finite-size corrections for the IPR might be quite strong

S |or(@)* ~ log(L)TL=P2, with 7 > 0. The calculation of Dy (Dy = 1 for

ergodic, Dy < 1 for non-ergodic) is an extremely challenging problem [145].

RRG has a mobility edge, thus in our study we consider only the energies in the middle
of the spectrum, choosing |[AE| = 1, thereby ensuring that all the states {¢pr}rcar
share the same properties for our choice of the disorder strength W. We perform the
time evolution using full diagonalization for small systems sizes L < 24, and using the
Chebyshev integration technique (Appendix A) for larger 2! < I < 220, The projector
Pa g has been constructed using full diagonalization for L < 24, for larger 2% < L < 220
it is constructed using a truncated Chebyshev expansion (Chapter 5). Figure 6.6 shows
the return probability for the free case (W = 0), R(t) decays algebraically with time
(R(t) ~ t=2) and oscillations are present. Instead, Fig. 6.7(a) shows time dependence
of the mean of R(t) for a fixed disorder strength W = 11 for several system sizes. In a
log-log scale R(t) shows a clear bending which is consistent with a stretched exponential
decay R(t) ~ Ae Tt (up to possible sub-leading polynomial prefactor). This stretched
exponential behavior holds for all values of disorder strength W in the extended phase
(W < Wyr) for R(t) , as shown in Fig. 6.7(b). Also the typical value of R(t) decays
like a stretched exponent, el°8R(®) ~ Atypefrtyptmyp, as shown in Fig. 6.7(c). In the
considered range of disorder strengths 6 < W < 12 the stretched exponential parameter
3 shown in Fig. 6.8(a) decays linearly. The prefactor I in front of t%, Fig. 6.8(b), decays
with disorder strength in a different manner. The linear extrapolation of S(W) gives
reasonable values of the Anderson localization transition Wur, where 5(W4r) = 0, and
the small disorder limit 5(W — 0) = 1 consistent with works on classical diffusion on
the Bethe lattice [27, 36]). Thus, the point W = 0 is a singular point (Fig 6.6), for any
infinitesimal amount of disorder the return probability will decay exponentially fast with
time. It is important to underline that the time scale in which the decay of R(t) can
be distinguished from an algebraic decay diverges approaching the Anderson transition
e.g., for W = 14 the bending in a log-log plot is only visible for #* ~ 10* and it requires

having system size of L = 229, thus the decay of R(t) for smaller times and smaller
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FIGURE 6.7: The Panel (a) shows R(t) as a function of ¢ for the RRG for a fixed
disorder strength W = 11 and several system sizes L = 2'6,218 220 The dashed line
has been obtained with a three parameter fit, R(t) = ATt The panel (b) shows
R(t) for a fixed system size (L = 2%°) and for several values of W. The panel (c) shows

the typical value e'°8™®) for the same parameters of panel (b).

system sizes could be interpreted as a power law [21]. Moreover, in a recent work [21] it
is shown numerically that a possible power law decay of R(t) ~ t~¢ is consistent with
an algebraic dependence of the overlap of different wavefunctions K(w) ~ w'=¢ defined

as

Kw)= > B)P(E)?w-E+E) (6.6)

E,E'€AE
with a normalization constant A ensuring [ dwk(w) = 1. Indeed, R(t) and K(w) are re-
lated by R(t) ~ [ dwk(w) cos(wt) [21]. However, using stationary phase approximation

o . = _a-p7t
it is possible to show that for R(t) ~ e‘Ft’B, the overlap decays as K(w) ~ w 2
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FIGURE 6.9: (a)IPR, and e'°¢!Plz a5 a function of L for a fixed disorder strength

W = 11 for the RRG. (b) TPR, ' as a function of e 108 1PR= (TPR, ~ ¢~ I8 [PRx)
for several W, each point of the curve indicates a different system size L = 2° — 217,
(c) Panel shows ay, as a function of W. ag, has been extracted from the linear fitting
of log IPR, versus log PR, with an enlarging L. Here L indicate the largest system
size considered in the fit starting with L = 2°. The inset of panel (b) shows oy, and Dy,
as a function of L. Dy, has been extracted from the linear fitting of —log I PR, versus

log(L).

for moderately large w and as K(w) ~ w~48) for very large w. As for observed values of
B < 0.5 the difference between above mentioned exponents is less than 7 %, a stretched
exponential behavior for R(t) could be also consistent in the first approximation with a

power law behavior of (w).

Aiming to shed light on the existence of the putative multifractal phase in a RRG, we
analyze the dependence of the saturation values R, = IPR, (Eq. 6.5) and elogRoo
s IPRz o system size L. Due to shorter times, it is difficult to extract the saturation
values of R(t) reliably. Therefore, we find it easier to analyze IPR,, which has been
calculated using a shift-inverse exact diagonalization technique. Figure 6.9(a) shows

IPR, and e8P a5 a function of L in a log-log scale for fixed disorder strength



111

10! 10! W=10
10° 10°
101 10"
1072
1072
-3
& 10 10
10
-4
10 10
10° 10°°
-6 ) ) ) ) -7
10%5 1 2 3 4 5 1010-1 10° 10! 102
10! W=11 10° W=12
10° 10!
-1
10 1072
1072
107
=107
Lo 10™
107 10°
106 106
-7 ) ) -7 ) ) )
1010'1 10° 10T 102 1010'2 10T 10° 10T 102
y= IPRI/ElOgIPR’ y= IPRz/elogIPRT

FIGURE 6.10: The Figure shows for four different values of W the probability distri-
bution of the rescaled variable y = IPR, /e'°& 1P =

W = 11. Strong finite-size effects are visible for available systems sizes, which makes
the extrapolation of Dy and Dyyp, nearly impossible. Nevertheless, /PR, and elog [P Ry
seem to suffer from similar finite-size effects. Indeed, plotting I PR, parametrically as a

logIPR,

function of e drastically reduces finite-size effects. Figure 6.9(b) shows IPR, as

a function of el°8 Pz alog IPRy

for several values of W, giving indication that IPR, ~ e
As we have already shown in the ergodic phase a = 1, while in a multifractal phase
we expect & = Dy/Dyyp, < 1. Using an enlarging linear fitting procedure we are able
to extract the exponent a as a function of system size L, o, (L here indicate the last
system size that has been taken in consideration in the fit starting from L = 2%) and
disorder strength. The inset of Fig 6.9(b) shows for W = 11 the two exponents Dy, and
ay, as a function of L, extracted with the same procedure. Dy, has a change of 30 %
for available system sizes, while «, changes only by 3 %. Figure 6.9(c) shows «j, for
several L as a function of W. For W < 10, a = 1 providing evidence that in this regime
the phase is ergodic. For W > 10 = Wgpsr, o drops to a smaller value confirming that
for available systems sizes the system is not ergodic. The flow of a towards unity with
increasing L is visible at least for 10 < W < 12, while for W > 12 the data seems to be
converged. Nevertheless, it is important to point out that the convergence could be due

to finite system size small compared to the correlation length L.o.. We can also analyze



112

the full probability distribution of I PR,. Figure 6.10 shows the probability distribution
P(y) of the rescaled variable y = IPR, /e8P In the ergodic phase W = 2, P(y)
shrinks with L, indicating that TPR, ~ elos IPRs  Top larger values of W, P(y) develops
long tail (algebraically decaying tails), which is the main requirement to have a different

scaling with L between the mean and the typical value.

6.4 Summary

In this chapter, we have studied the quantum dynamics of an initially localized particle
in several disordered systems, giving a different characterization of multifractal phases.
In particular, we study the return probability R(¢): the quantum probability to return
to the initial site. In a multifractal phase, fluctuations over disorder and initial site
are so strong that the long-time limit of the mean and typical value of R(t) scale to
zero differently as a function of system size, while in an ergodic phase the scaling is
the same. First, we benchmark these ideas in the power-law banded random matrix
ensemble. We show that the long-time limit of the mean and typical value of R(t) scale
to zero in the same way in its ergodic regime, while at criticality, where all the states
are multifractal, the scaling of these observables differ from each other. Second, we
point out, analyzing the Rosenzweig-Porter random matrix model, that this difference
in the scaling disappears in the case of only fractal states. Finally, we use this idea
to tackle the disordered random regular graph, in which the existence of a multifractal
phase is under debate. We present converged data, which could offer numerical evidence
for the existence of this multifractal phase. Nevertheless, we discuss that this apparent
convergence could also be due to the fact that system sizes are small compared to the
correlation length of the system. Furthermore, we show that R(¢) decays with time like
a stretched exponential, so far the system is not in the localized phase, and extracted

the parameters of this stretched exponential decay.



Part IV

Role of Symmetry and

Correlation in the disorder
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In the next chapter, we construct a non-interacting fermionic model with correlated
disorder and particle-hole symmetry. We show how the interplay between correlated
disorder and symmetry can lead the system to have subdiffusive charge propagation,

whereas the growth of entanglement is logarithmically slow.



Chapter 7

The generalized Dyson model

We have already discussed that the interplay between interaction and quenched disorder
can drive a quantum phase transition even at finite energy density (Chapter 2). More-
over, we have seen in Chapters 2,3, that the interaction creates a dephasing mechanism
between degrees of freedom localized in space, generating a slow propagation of infor-
mation in an MBL phase. Nevertheless, other mechanisms can also break localization in
one-dimensional disordered systems. A possible example is the presence of symmetry in
the system. It is known that the presence of particle-hole symmetry and disorder in a
chain of non-interacting fermions, creates quasi-localized states [141, 161]. As a conse-
quence, these quasi-localized states will produce an anomalous transport in the system.
Another possible mechanism to modify the localization properties of a system is to in-
troduce correlation in the disorder. Indeed, correlations between onsite energies can give
a proliferation of resonant energies, thus a break down of localization [70]. In this chap-
ter with the aim to understand the interplay between symmetry and correlation in the
disorder, we define a model with particle-hole symmetry and correlated disorder. The
defined model has two limiting cases, which recover two known models (Dyson I, Dyson
IT) [49]. We show that the interplay between symmetry and correlation can generate
different kinds of transport. Particularly, we show that for this model the transport of
particles is subdiffusive but nevertheless the growth of entanglement is logarithmically

slow.

7.1 Model and localization length

In this section, we define the model that we study, and we explain several limiting
cases. Moreover, we analyze the localization length as a function of the Hamiltonian’s

parameters.
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The Hamiltonian # is the non-interacting fermionic random hopping model, which is
defined as,

H = Z Joi— 102l 162[ + J2l02l02l+1 + h.c, (7.1)
l

where {ézr} ({¢}) are the fermionic creation (annihilation) operators at site I and {J;}
are positive random hopping amplitudes. This model has a particle-hole symmetry. The

Schrodinger equation for the single-particle modes reads

=St — i1 = By, (7.2)

and if {¢;(F)} is a solution of Eq. 7.2 with energy E, then the wavefunction {¢;(—FE) =
(=)l (E)} is also a solution of Eq. 7.2 with energy —FE.

The Hamiltonian Eq. 7.1 with uncorrelated disorder is called Dyson I model. It has a
diverging mean density of states p(E) ~ 1/Elog®(E) as E — 0 [26, 49, 108], which also
leads to a logarithmic divergence in the localization length for F — 0 [141, 161]. Using
the Herbert-Jones-Thouless formulae (Chapter 1)

loc(E — 0) ~ lim 'w lim log E. (7.3)
E=0) o |E'[log” |E|  E=0

In dynamical properties, the quasilocal nature of the state manifests itself in extremely
slow propagation of charge [81] (~ log? t) and bipartite entanglement growth ~ log(log(t))
[35, 152, 160]. Another interesting limiting case is when the random bonds {J;} are in-
dependent identically distributed but they appear in identical pairs (Jy, J1, J2, Jo, ...).
This models is called Dyson IT model [49]. Also in this case, the density of state has the
same kind of divergence (p(E) ~ 1/Elog3(E)), moreover also in this model the states

close to E = 0 are anomalous, in the sense that they are delocalized, as we explain later.

We start by investigating the localization length of the model Eq. 7.1 using the transfer
matrix technique (Chapter 1). With this aim, we define £ (F) as the localization length
of a finite system of size L at energy E. We choose L odd with open boundary condition
as it guarantees the existence of a £ = 0 state due to the sub-lattice symmetry (Eq. 7.2).
Nevertheless, due to the divergence in the density of state, the single-particle energy level
spacing close to £ = 0 becomes exponentially small with L, thus even-odd finite-size
effect will not affect our result. As we have discussed in Chapter 1, {.(E = 0) can
be expressed using the recursion relation between single-particle wavefunction Eq. 1.32

amplitudes as,

& (F=0) = Jlog

=3 Zl <Ji2l1> (7.4)
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where overline denotes the disorder average. For {.J;} uncorrelated and equally dis-
tributed, e.g., the Dyson I model, the average of the summation in Eq. 7.4 is zero.
However, in a typical configuration the sum is divergent with system size L, which in-
dicates that one needs to investigate the full probability distribution of the sequence
under the sum rather than just the mean. Using the central limit theorem, it can be
shown that the fluctuations grow as v/L and therefore £1(FE = 0) ~ /L [34, 70]. On
the contrary, in the presence of dimerization, Jo;_1=J9;, the Dyson II model, the sum in
Eq. 7.4 is zero for each configuration. Consequently ¥;_1 = ¢¢ implying that the £ = 0
state is extended in all samples [161]. With the motivation of interpolating between
these two limits of quasilocalized (Dyson I) and extended (Dyson IT) E = 0 states, we

choose the random couplings as

—7721—135)_1 _
@ -1
(2)

(1) Ny B 2
_pd 21
Jar =By ” | exp 20

Joi—1 2355111 exp

where Bl(l), Bl(2) are random variables drawn from Gamma distributions with unit mean

and variance 1/ W1 2) defined as
w
Py(z) = ——2""te™W2, 2 >0, (7.5)
where I'(W) is the Gamma function. {n;} are independent random variables with the

probability distribution function j(n) = pd(n — 1) + (1 — p)d(n + 1) with p € [3,1], and

a > 0. We can give few comments:

1. {Ji} are short-range correlated random variables and inhomogeneous in space.

2. The inhomogeneity is predominantly in the edge of the sample, while in the bulk

it is suppressed.

With this choice of {J;}, Eq. 7.4 reduces to

(2)
l .

L—1
Y1 mB
log’ : =y (7.6)
=1

(4

In Eq. 7.6, a and p determine the asymptotic behavior of £1(E = 0) as the thermody-
namic limit is approached and also allows us to change the extension of the F = 0 state

almost continuously.
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FIGURE 7.1: Phase diagram with regard to the asymptotic behavior of the E = 0 state.

The regimes denoted by ‘Localized’ (‘Extended’) have localized (extended) E = 0 state.

For o = 0, p = 1/2 limit we recover the (uncorrelated) Dyson model and also for o > 1,

the dimerized Dyson II model is restored. See text for further details of the localization
length in Eq. 7.7 and Eq. 7.9.

For p # 1/2 and « > 0, averaging over the disorder and approximating the sum in

Eq. 7.6 as an integral in the large L limit, we get

(2p —1)"1Le, 0<a<l1
(L(E=0)~< (2p—1)"'L/logL, a=1 (7.7)
(2p—1)7'L, a>1,

which immediately identifies four distinct regimes. For o = 0, £, (E = 0) is finite, which
leads to an exponentially localized state. In the range 0 < a < 1, the localization
length diverges algebraically but slower than the system size, which we refer to as a
quasilocalized state (see also Fig. 7.1). The logarithmic correction to £,(E = 0) at
« = 1 produces a polynomial spatial decay of the wavefunction. In the limit a — oo,
the correlation reveals itself via the dimerization of bonds, Jo_1 = Jo;, which is the

Dyson II model with an extended F = 0 state.

For p = 1/2, the sign n; appears with equal probability. Therefore, 521(E = 0) defined
in Eq. 7.4 goes to zero upon taking disorder average. Hence, in order to understand
the asymptotic behavior of §Zl(E = 0), we analyze the fluctuations of the sequence
{log [t r—1/v0]|}, similar to the Dyson I model as follows. Let Az, be the random variable
defined after averaging over {Bl@)} in Eq. 7.6,

—_— -1
Y1

M:Fg%]:;ﬂ. (7.8)
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FIGURE 7.2: (a) The disorder averaged wavepacket at different times for the Dyson II
model. The central core decays quickly and saturates after initial dynamics; whereas
the tail of the distribution keeps spreading with time. Inset shows the return probability
for L = 4097. (b) The growth of X?2(¢) with time for L = {513,...,4097} in log-log
scale. For finite systems it saturates to a value which grows linearly with the system
size. Inset shows X2(t), with E = 0 present in AE which grows subdiffusively and
absent which saturates, hence confirming that the dynamics is governed by the states
close to E =0 (L = 4097). (c) The entanglement entropy shows a logarithmic growth
in time S(t) ~ logt and the saturation, S, grows logarithmically with L as shown in
the inset.

Ayr is a sum of independent but not identically distributed random variables with zero
mean and variance o7 = 1/1**. The Lyapunov Central Limit theorem [79] then dictates
that the probability distribution of Ay approaches to a Gaussian distribution with zero
mean and variance, 0124L = lL:_ll 1722 in the limit L — oo. The asymptotic behavior of

aiL can then be used to extract the behavior of the localization length,

Lot1l/2 0<a<1/2
L
(B =0) x ; ~9L/VogL, a=1/2 (7.9)
L
L, a>1/2.

Three qualitatively different regimes can be identified. For 0 < o < 1/2, the localization
length diverges algebraically, but slower than the system size. At the a« = 0,p = 1/2
point, we recover the Dyson I model, where the localization length diverges as ~ /L
solely due to fluctuations. Finally, for & > 1/2, the state is extended with system
size. The behavior of £,(E = 0) as a function of o and p is summarized in Fig. 7.1.
Importantly, the phase diagram is stable against any local perturbations that do not
break the original symmetry of the #, because it does not qualitatively change the

structure of Eq. 7.4.

7.2 Dynamical properties

In this section we study the dynamical properties of the Hamiltonian A (Eq. 7.1). We
have established that the model (Eq. 7.1) with the random couplings Eq. 7.5 hosts

several different natures of extended/quasilocalized state at £ = 0. We now investigate
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its effects on dynamical properties. First, we study charge propagation via wavepacket
dynamics in the single-particle framework. The initial wavepacket is localized at a single
point ly in the middle of the chain, ¥ (l,t = 0) = d;;,. With time it spreads out and its
amplitude at the initial site [y decays. We monitor the decay of the initial density via the

return probability (Ry,(t)) = |¢(ly,t)|? and quantify the spreading of the charge by the

disordered average mean-square displacement (X2(t)) = >, 12|w(1,t)|2— (32, U (1, t)]?)%.
It is important to note, that the study of the wavepacket analysis is equivalent of the

study of the density-density correlator function (Chapter 5)

227 [ (w0 - 5) (o) - 5)] = oo (7.0

where n; = élTél.

Furthermore, the growth of the bipartite entanglement entropy S(t)=—Tr(pr(¢) log(pL(t))),
between two halves of the system L and R is investigated using standard free fermion
techniques (Appendix A), where pr,(t)=Trr(|¢(¢)) (¥ (t)|) and |¢(t=0)) is a random prod-
uct state at half-filling. Under time-evolution, L and R subsystems exchange information
leading to the growth of S(¢), which is zero at ¢ = 0. In our simulations, we use open

boundary conditions with W7 = 0.4 and W5 = 10.

7.2.1 Dyson II

We expect that the dynamical properties of these localized systems will be dominated
by the properties of the states close to £ = 0, thus it is expected that the dynamics
would be qualitatively different depending on which regime of the phase diagram they
belong to. In this section, we focus on the Dyson II model with dimerized hopping. In
Fig. 7.2(a) we show the probability distribution of the time dependent wavefunction at
different times. At long times only the tail of the wavefunction keeps spreading, while
the return probability saturates after an algebraic decay as seen in the inset. Finite

(Ri,(t)) at long times implies a finite density of exponentially localized states in the

energy spectrum.

Fig. 7.2(b) shows the expansion of the width of wavepacket. The linear behavior of
the width with time in log-log scale suggests W ~ tP, where the non-universal
exponent 3 depends on the disorder strength, e.g., 8 &~ 0.35 for W1 = 0.4 , which implies
subdiffusion. For finite systems, the growth saturates, with the saturation value growing
linearly with the system size reflecting the spatial extension of the £ = 0 state Eq. 7.7.
Note that due to the diverging nature of the density of states, the dynamics is always

going to be dominated by a finite number of states in the vicinity of £ = 0. We ascertain
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this by projecting the initial wavepacket onto eigenstates within an energy window AF
that includes E = 0 and also away from it as |1o)ar = Par|t(lp, t=0)), where Pap =
Y meap |E)(E| and |E) is the eigenstate. We contrast the two situations by measuring

the spread of the wavepacket as (X2(t)) x g = (Vo|apX2(t)[v0) ar — (ol apX2(0)[v0) AL
As seen in Fig. 7.2(b, inset) the spectral decomposed wavepacket with the F = 0 state

shows a subdiffusive propagation, whereas the wavepacket that has been projected away

from the band center quickly saturates as one would expect for localized states.

Fig. 7.2(c) shows the growth of disorder averaged bipartite entanglement S(¢) starting

from a product state. We observe a logarithmic growth of S(t) in time, which is slower

than the charge transport. For W; = 0.4 the prefactor of log(¢) is ~ In(2)/3. In the

inset of Fig. 7.2(c) the saturation value of S(t) at t — oo (Sy) is plotted in a log-
linear scale, which shows logarithmic scaling with system size with a slope =~ In(2).
The logarithmic scaling of S, is similar to entanglement scaling of critical states [148].
Unlike in an interacting localized phase, where entanglement is generated via dephasing
due to interaction as we discussed in Chapter 2, here it is due to the extended nature
of the E = 0 state, which implies that the saturation time of S(t) is proportional to the
localization length of the extended state. Note that, there is no qualitative change in our

results at higher values of Wj. Specifically for Wi > 1, when the Gamma distribution

Eq 7.5 becomes non-singular at zero, (X?2(t)) and S(t) still show a subdiffusive and
logarithmic growth in time respectively. Indeed, Fig. 7.3(top) shows the growth of
(X2(t)) for the Dyson II model for W; = 0.8 and W) = 1.2. For both these values of
Wi, (X2(t)) grows algebraically with time ((X2(t)) ~ t?"W1) | with (W = 1.2) ~ 0.78
and (W1 = 0.8) ~ 0.59), showing the subdiffusive dynamics. Fig. 7.3(bottom) shows

that the growth of S(¢) for the Dyson II model with W; = 1.2. It is still clearly visible

that the entanglement growth in time is logarithmic, S(t) ~ log(t).

7.2.2 Generalized Dyson model

For any finite a (0 < a < 1), charge propagation is subdiffusive. The difference for
different « is seen in the scaling of the saturation values of m and (X2) with L,
as the localization lengths depend on a. Fig. 7.4(a) shows the t — oo value of the
width of the wavepacket in a log-log plot as a function of system size. The leading
behavior is given by L% as one would expect from the extended nature of the £ = 0
eigenstate described in Eq. 7.7. Crudely approximating the E = 0 eigenstate, |¢p), as

a box-function of width £7(E = 0), one finds (¢o|X2|¢o) o &L(E = 0). Similarly, in
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FIGURE 7.3: (Top) The subdiffusive growth of (X2(¢)) for the Dyson I model in log-log
scale for two different values of W7 and for two different system sizes L = 2049, 4097.

(Bottom) Logarithmic growth of S(¢) for the Dyson II model for W; = 1.2 and L =
1025, 2049.

Fig. 7.4(b) we show the return probability at ¢ — oo, defined as
(Riy ()= (Lo, D" == 3 |l (7.11)

which is the inverse participation ratio (IPR) of the single-particle eigenstates (Chap-

ter 1). Two things are of note:

1. For 0 < a <1, it converges with L, which emphasizes that most of the eigenstates

are localized.

2. For a = 0, the m converges at a different value than other o’s. This can be un-
derstood from the following decomposition of inverse participation ratio Eq. 7.11,
Yo [6n (o)l = X cjap [6nll0)| + 3,5 am n(l0)|* , where AE is the window of
energies enclosing delocalized states around £ = 0. Only for a # 0 the first term
in the sum is negligible because of the extended nature of the states within the
interval AFE, however for « = 0, AE = 0 as all states are localized Eq. 7.7. There-
fore, it is expected that o = 0 converges at a higher value as seen in Fig. 7.4(b)

compared to other a.
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FIGURE 7.4: (a) (X2)) for different values of « in a log-log scale to highlight the

scaling o L* as expected from the localization length calculation Eq. 7.7. (b) The

return probability (R, ) Eq. 7.11 for different a shows saturation with system size
L. Dashed lines are given as guides to the eye.

Fig. 7.5(a) shows the time evolution of S(t) for different values of « after a global quench.
The data shows a logarithmic growth of entanglement similar to Dyson II. Note that
the slope at which S(¢) grows is almost independent of a, while the effect of « is clearly
visible in the saturation. To highlight the dependence of the saturation with system
size we plot S as a function of L in Fig. 7.5(b) in log-linear scale. For o > 0 we see
a logarithmic increase of S, with a slope oc a. This is further confirmed in Fig. 7.5(c),
where the saturation of entanglement is plotted as a function of a. The behavior suggests

the following form of S(¢) with time and system size,
S(t) ~log(t);  Seo ~logléra(E =0)], (7.12)

where {1, o(E = 0) is the localization length and is oc L* (Eq. 7.7). For a = 0, p >
1/2 the state is exponentially localized and therefore neither charge or entanglement

propagate.

7.3 Summary

In summary in this chapter, we have constructed a generalized correlated one-dimensional
random bond disorder model and studied its non-equilibrium dynamics. Even though
the localization length of the ¥ = 0 state is divergent, the state can be quasilocalized
or extended and its spatial extent depends on the correlations in disorder. We have
shown that the dynamical properties are dominated by the states close to £ = 0. In
all the parameter regimes studied we find subdiffusive transport, while logarithmically

slow growth of entanglement. The saturation value of the wavepacket and entanglement
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FIGURE 7.5: (a) Dynamics of entanglement for different values of @ and p = 1 in a
log-linear scale after a quench from a product state. The logarithmic growth of S(t)
is visible for all values of o shown here. (b) The saturation value of S(t) at long time
behaves as log(L) for all @ # 0. (c) The entanglement saturation S., shows a linear
growth with o (L = 4097) Eq. 7.12.
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depends on the finite-size localization length of the E = 0 state. In particular, S,, grows

logarithmically with the localization length of the ' = 0 state. The scaling behavior is

similar to the scaling of S in the excited state of uncorrelated random spin chain in the

same universality class [148], except that in our generalized model disorder correlation

enters in the S, scaling via the finite-size localization length of the E = 0 state.



Chapter 8

Conclusions and Outlooks

Understanding the fundamentals of statistical mechanics from the laws of quantum me-
chanics is one of the most intriguing questions in physics. The common belief that
interactions in a quantum many-body system lead to ergodicity has been lately revis-
ited showing the existence of a robust class of systems in which the laws of statistical
mechanics break down [17]. Moreover, these systems have a new type of quantum
phase transition, which can even happen at finite energy density. This phase transition
distinguishes two phases [17, 62]: an ergodic phase which is governed by the laws of ther-
modynamics and a localized phase in which the degrees of freedom are frozen and thus
statistical mechanics breaks down. The existence of a quantum phase transition at finite
energy density has revolutionized the point of view of condensed-matter physics, whose
previous focus was mainly on understanding low-temperature properties of many-body
systems. These results have brought new emphasis and stimulated extensive research

on the resulting many-body localization (MBL) [106].

The main focus of this thesis lies on understanding the phenomenon of MBL. We tackle
the MBL problem with several methods and from different perspectives, ranging from
the study of entanglement properties to the study of more conventional condensed-
matter quantities (e.g. density-density propagator), including a detailed characterization
of time-reversibility in quantum many-body systems. Most of our results have been
obtained using numerical techniques, including exact diagonalization, Chebyshev kernel
polynomial and transfer matrix techniques. Additionally, we always corroborate and

support our analysis with analytical evaluations motivated by physical intuition.

Indeed, one of the main issues, especially in view of recent experiments, has been the
possibility to distinguish an MBL phase from a non-interacting localized phase (An-
derson insulator, AI). In Chapter 3, we show, using methods borrowed from quantum-

information theory, a new way to distinguish an MBL phase from an Al phase. In
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particular, we find that the quantum mutual information between two spins following
the quantum-dynamics of a state can be used as a dynamical indicator for this distinc-
tion. The proposal of this quantity, being in principle measurable in an experimental
setup (e.g. cold atoms, trapped ions), could give important insights on the interpretation
of experimental results [24, 97, 129, 137]. In Chapter 4, with the aim of characterizing
time-reversibility in MBL systems, we study the effect of local perturbations on the
dynamics of observables. We propose an experimentally measurable quantity (e.g. with
the use of a quantum gas microscope [14, 134]) which also allows us to distinguish an
MBL phase from an Al phase. Moreover, this quantity gives important information on

the long-time limit of the dynamics of an MBL system.

We also tackle another important open issue in MBL. Several works pointed out the
possible existence of an intermediate phase. The transport in this intermediate phase
has been argued to be sub-diffusive, contrary to the expected diffusive behavior of a
metal [15, 60, 94, 96, 132, 150]. Moreover, this phase has been characterized to be
multifractal, and believed to be explained with the existence of Griffiths regions, in
which the transport would be highly suppressed. In Chapter 5, we criticize the existence
of this phase. Studying the density-density propagator, including a careful analysis
on finite-size effects, we show that the exponents defining the sub-diffusive phase do
not converge for available system sizes. Our analysis confirms the existence of a sub-
diffusive phase for these sizes, despite leaving open the possibility that diffusivity could
be restored in the thermodynamic limit. We also point out that the propagation process
is highly non-Gaussian, this could have important consequences for understanding the
critical points of an MBL system. Indeed, the propagation of particles in classical glassy
systems close to the frozen transition is also non-Gaussian even if the mean square
displacement could show diffusive behavior [32, 101, 122, 154]. This analogy could be
useful to build up an intuition for the MBL transition, and it could be an interesting
future line of research. As we have discussed at several points of this thesis, an MBL
problem can be mapped onto an Anderson problem in an effective local tree structure
graph (localization in Fock space). In first approximation, due to this mapping, an
MBL problem could be seen as an Anderson problem on a random-regular-graph (RRG).
Recently, the existence of a multifractal phase has been argued also for the Anderson
model on a RRG [7, 41, 57, 82, 145]. Thus, with the aim of understanding the existence
of the putative intermediate phase in an MBL system, we also study the intermediate
phase in a RRG. In Chapter 6, studying the quantum evolution of an initially localized
particle in a RRG, we provide evidence of the possible existence of this multifractal
phase. Our finding are more general, in the sense that our methods permit to give a new
characterization of multifractal phases that we tested for several different models having

critical phase. Nevertheless, it is not clear whether the existence of this phase for a RRG
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implies the existence of an intermediate phase for MBL models. Therefore, in Chapter 6,
we discus in detail the main differences between the MBL problem and the RRG. One
of the main approximations is to consider uncorrelated on-site energies in a RRG, while
in an MBL they are strongly correlated. Thus, a first step could be to introduce in the
RRG suitable correlations between on-site energies and try to understand the robustness

of this intermediate phase. Moreover, we focus on local probes (survival probability).

It will be interesting to expand our work by studying the full propagation of the wave-
packet, as we did for the MBL problem (Chapter 5). Finally, we believe that the existence
of an intermediate phase in MBL models is still an open issue, that needs to be better
analyzed. Also the phenomenological theory based on the existence of Griffiths [60, 152]
phases could be incomplete for the following reasons. First, the probability distribution
of the considered quantities is not consistent with the existence of rare regions (e.g no
difference between mean value and typical value). Second, the same physics is observed
(numerically and experimentally) in a model with a quasi-periodic potential, but for this
model rare Griffiths regions are not possible. Thus, a possible way to understand the
existence of this intermediate phase could be by using more treatable toy models (e.g.
RRG with correlated disorder).

The second law of thermodynamics seems to impose strong constraints on the time-
reversibility of a natural process. In an MBL phase ergodicity breaks down, and thus
a thermodynamic description is not possible anymore, leading to a major question: to
what extent does this breaking of ergodicity influence time-reversibility? In Chapter 4,
borrowing tools from quantum-chaos (i.e. Loschmidt echo), we attempt to answer this
question. Our results support the idea that time-irreversibility is more strongly mani-
fested in the ergodic phase than in the localized phase. Moreover, we support our con-
clusions with analytical approximated calculations, which give a reliable description of
the analyzed quantity. As we discussed, an intermediate multifractal phase could exist,
and therefore it will be interesting to use these methods to analyze the existence of this
multifractal phase for both problems MBL and RRG. Also with the aim to understand

how time-irreversibility is influenced in the presence of critical states.

In the last part of the thesis (Chapter 7), we study the interplay between symmetry
(particle-hole) and correlated disorder for a non-interacting fermionic model. We con-
struct a model in which we can tune the correlated disorder, showing that the resulting
phase diagram is extremely rich. In particular, we study the non-equilibrium quantum
dynamics, showing that information can propagate slower than charge. It would be in-
teresting to analyze the presence of particle-hole symmetry in an MBL system and try to
understand the effect on its dynamics. Preliminary results, which we have not reported

in this thesis, show that in a disordered system composed by two interacting fermions,
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the presence of particle-hole symmetry drastically changes the dynamics of the system.
In the resulting system all the eigenstates are localized, but nevertheless these two par-
ticles can still propagate sub-diffusely through the system. This mechanism is strictly
connected with the presence of the particle-hole symmetry an thus with the divergence
of the single-particle density of states (Chapter 7). Whether this mechanism persists in

the case of a finite density of particles still needs to be elucidated.



Appendix A

Appendix

A.1 Time evolution: Chebyshev expansion

In this part of the Appendix we explain how the quantum-evolution of a system can be
performed using the Kernel polynomial techniques [156]. Let # be the Hamiltonian of
a quantum system. The idea is to expand the unitary time-evolution using Chebyshev
polynomials {7 (z)} and then to truncate the expansion to some order which will bound

the absolute error in time done with this approximated method.
. N ~
Ut) ~ e ™ mTe(H); e = (=) Ji(at), (A.1)
k=0

where H = e*itﬁ% denotes the rescaled Hamiltonian;

a :(Emax_Emin)/Qa
b :(Emax+Emin)/27

(A.2)

are the scaling factors and Ji(z) denotes the Bessel function of order k. We typically
take N 2 2at to ensure convergence [155] of the truncated Chebyshev series (Tj(z)).
Eq. (A.1) only requires sparse matrix multiplications. The iterative scheme scales as
O(M) as compare to exact diagonalization which is O(M?), M denoting the dimension
of . Therefore, for a chain of interacting spinless fermions, system sizes up to L = 24
can be treated for times of the order ~ 10 (in units of inverse hopping ¢ = 1.0 for the

interact).
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A.2 Bipartite entanglement entropy for non-interacting spin-

less fermions

Let # be the Hamiltonian of a chain of non-interacting spinless fermions

L
o= e, (A.3)

ij=1

where the {éj} ({¢;}) are the creation (annihilation) fermionic operators and €2; ; a sym-
metric matrix with a bounded norm. The aim is to calculate the bipartite entanglement
entropy (Chapter 2) (tracing out the portion [1, ..., é] for an eigenstate |e) of . It is
possible to prove [112] that the bipartite entanglement entropy is given by

S==> (M) log (Ae) = Y (1= M) log (1= Ap), (A.4)

k k

where {\} are the eigenvalues of the matrix A; ; = (e|égéj|e> with {i,j} € [1, ..., £]. Fi-

5.
nally, the expectation value <e\éjéj\e> can be calculated using the Wick’s theorem [113].
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